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ABSTRACT 
This dissertation reports results from studies of the interactions between the 
microstructure/macrostructure of titanium alloys and propagating ultrasonic waves. 
Attention is focused on the interactions which cause backscattering and attenuation. 
Experimental studies will be reported which show that the phase aberration contribution to 
attenuation does not remove energy from the propagating beam, and a physical picture is 
developed. A simple ray model which encompasses the ideas presented in the physical 
picture is used to predict attenuation for propagation in single phase materials with elongated 
grains. In addition, a general theory for attenuation that includes some degree of multiple 
scattering is presented that can allow for texture effects and duplex microstructures in its 
most general form. Numerical predictions from the general attenuation theory and an 
existing backscattering theory are then compared with experimental measurements of the 
attenuation and backscattering coefficient in a Ti-6Al-4V specimen that contains elongated 
macrograins consisting of colonies that are modeled as ellipsoids. Agreement between the 
experimental and theoretical determination of the backscattering coefficient is extremely 
good if the effects of texture is included. Agreement with attenuation is favorable. 
1 
GENERAL INTRODUCTION 
We have studied the titanium alloys Ti-6A1-4V and Ti-17 (Ti-5Al-4Cr-4Mo-2Sn-
2Zr), commonly used in aircraft engines. There is a great desire to improve flaw detection 
and characterization in these alloys, since the impact of not detecting a flaw can be severe as 
was the case in the Sioux City crash of a United Airlines DC-10 in 1989. In that particular 
failure caused by the rupture of a Ti-6A1-4V rotating disk, the source of the failure was found 
to be a fatigue crack originating from an internal region embrittled by a high content of 
interstitial nitrogen, known as a hard alpha region. Ultrasound is the preferred mode of 
inspecting for such interior defects. However, detecting hard alpha regions offers a 
signiflcant challenge because the acoustic impedance mismatch between the hard alpha 
region and the base material is very small, and there is a signiflcant amount of background 
noise produced by benign microstructural inhomogeneities (grain boundaries). Therefore, we 
must understand how and why an inspecting beam is affected by the microstructure and 
macrostructure. 
It has been found that, in circumstances when the wavelength of the inspecting energy 
is on the order of a structural feature, such interactions can have dramatic effects on the 
characteristics of the beam as it propagates to and from a flaw and, consequently, can have 
deleterious effects on flaw detection and characterization. It is well known that the 
microstructure can backscatter energy, creating noise which can mask signal from small 
flaws. In addition, a flaw signal can be attenuated by the removal of energy from the beam 
by a variety of mechanisms. Classic mechanisms of attenuation include absorption 
(conversion of the mechanical energy to heat) from dislocation damping [1], movement of 
point defects, and interactions with electrons and phonons [2] which can absorb energy from 
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a propagating elastic wave. Attenuation of the coherent beam is also caused by scattering of 
energy, which occurs as the beam encounters a grain boundary where there is a discontinuity 
in elastic properties due to the combined effects of the anisotropy of single crystal elastic 
constants and a change in the orientation of the crystallites at the grain boundary. The result 
is a reflection and refr^tion of a portion of the wave at the grain boundary [3,4]. 
In addition to these classic effects of attenuation and backscattered grain noise that 
the microstructure and macrostructure have on a propagating beam, we have observed a 
number of additional unusual phenomena, including significant fluctuations of the amplitude 
and phase of back surface echoes and of the amplitude of pulse echo signals from nominally 
identical flaws [5,6]. Physically it is believed that these unusual phenomena stem from the 
interaction of the insonifying beam with local regions of varying velocity, which causes the 
propagating wavefront to develop phase aberrations. As such, they are intimately related to 
the scattering processes discussed above. A signal appears to be attenuated upon reception 
by a piezoelectric transducer whose diameter is larger than the length scale of the 
fluctuations, presumably because it has the effect of integration over phase fluctuations. 
While the phase fluctuations can produce a diminution of the back surface signal, it is 
important to determine if energy is removed from the insonifying beam. 
In addition to their importance in flaw detection, measurements of ultrasonic 
attenuation, backscattered grain noise, and velocity can also provide important tools in 
characterizing the microstructure of materials. For example, velocity measurements can 
provide information on crystallographic texture, while attenuation and backscattered grain 
noise measurements provide information on the size and shape of grains or other 
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microstructural inhomogeneities. These measurements can be used as accurate materials 
characterization tools if appropriate models exist. 
It is the goal of this work to study, both experimentally and theoretically, the 
interactions of the microstructure and macrostructure with an insonifying beam. 
Historically the interactions of ultrasound has been treated for single phase materials 
whose grains were typically assumed to be equiaxed [7,8,9]. Several researchers have made 
progress in this area and detailed discussions of theoretically work will be given where it is 
relevant in the subsequent chapters. More recently these models have been applied to 
materials containing elongated grains [10]. 
For alloys which undergo a martensitic transition, it is typical for the microstructures 
to be duplex, that is they exhibit order on two length scales. For example Ti-17 and Ti-6A1-
4V, the alloys studied in this work, contain large macrograins which consist of groups or 
colonies of single grains. Because of the nature of the martensitic transformation the 
orientation of the colonies is related to the orientation of the prior macrograin. The result is a 
correlation of elastic moduli that can extend many times farther than the size of a single 
grain, which is typically considered by metallurgical standards to be a scatterer. The 
existence of a second, longer range order greatly complicates the scattering interactions 
which govern backscattering and attenuation. This is especially true for the multiple forward 
scattering which is believed to generate phase aberrations as an ultrasonic beam propagates 
through a polycrystalline material. 
Significant progress in modeling the backscattering in the duplex microstructures that 
occur in titanium alloys has been perfonned by Han and Thompson [11] who determined that 
the two point correlation of elastic constant controls backscattering. Mathematically this two 
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point correlation of elastic moduli describes the shape and orientation of the macrograins and 
colonies. Thus the backscattering coefficient was related directly to information about the 
micro and macrostructure. In the work performed for this dissertation we connect the same 
two point correlation of elastic moduli to the scattering which controls attenuation in duplex 
titanium alloys. In the next section the approach taken will be described in more detail. 
Dissertation Organization 
This dissertation consists of this general introduction, followed by three technical 
papers that are to be submitted for publication. The dissertation ends with a presentation of 
general conclusions and suggested directions of future work. 
The first paper reports the experimental study of attenuation, focusing on the study of 
the phase aberration contribution to attenuation. It will be submitted to the Journal of the 
Acoustical Society of America. Some aspects of the experimental results were initially 
counterintuitive, until the role of phase aberrations were identified and understood. We 
explore many methods of measuring attenuation and consider the effects of the measurement 
parameters on attenuation measurements. The paper concludes with a physical picture that 
encompasses the phenomena that likely cause phase aberrations, including their relationship 
to the macro/microstructure of the material. 
The second paper presents two theoretical models for the attenuation in duplex 
titanium alloys and will also be submitted for publications in the Journal of the Acoustical 
Society of America. In the first model we employ a heuristic ray model based on the 
physical picture proposed in the first paper. In the second model, we use a more general 
approach where the attenuation is determined from the wave equation. It will be shown that 
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the general attenuation theory describes contributions from backscattering and phase 
aberrations. 
In the third paper, the general attenuation theory and a backscattered grain noise 
theory developed by Han and Thompson will be validated by comparing theoretical 
predictions of attenuation and backscattered grain noise with experimental data. We will 
specifically focus on studying the effects of texture and scattering from ellipsoidal grains. 
This paper will be submitted for publication in Metallurgical Transactions. 
The last chapter presents general conclusions and a discussion of future work. 
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EFFECTS OF MICROSTRUCTURE AND MACROSTRUCTURE ON ULTRASONIC 
ATTENUATION AND SCATTERING IN TITANIUM ALLOYS 
A paper to be submitted to the Journal of the Acoustical Society of America 
P. D. Panetta, F. J. Margetan, and R. B. Thompson 
Introduction 
This work is motivated by the need to improve the ultrasonic detection of flaws in 
titanium alloys used for aircraft engines. This desire has led to a rather extensive study of the 
effects of the microstructure and macrostructure on ultrasonic attenuation and backscattering, 
quantities which strongly influence the ability to detect flaws. Initial studies identified a 
number of interesting phenomena associated with the propagation of ultrasonic waves in 
complex microstructures, and these were elucidated by subsequent detailed experiments. 
The purpose of this paper is to quantify and document this information, which in many cases 
went against the initial intuition of the authors. The development of theoretical explanations 
will be an important activity and will be reported in a future publication. 
There has been broad and sustained interest in propagation of ultrasound in 
polycrystalline materials, including the study of attenuation and backscattered grain noise. 
Attenuation is viewed as a fundamental property of ultrasonic wave propagation that results 
from a variety of interactions with polycrystalline media. Classical mechanisms of 
attenuation, which remove energy from a beam, include absorption and scattering at grain 
boundaries. Absorption (conversion of the mechanical energy to heat) can arise from many 
interactions, including dislocation damping [1], movement of point defects, and interactions 
with electrons and phonons [2]. Scattering of energy at grain boundaries causes removal of 
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energy from the coherent beam, which occurs as the beam encounters a discontinuity in 
elastic properties at a grain boundary due to the anisotropy of single crystal elastic constants 
and a change in the orientation of the crystallites at the grain boundary. This interaction at 
the grain boundary causes a reflection and refraction of a portion of the wave [3,4]. One 
particularly important component of the scattered field is the portion scattered directly back 
to the transmitting transducer. This component of the scattered field generates noise during 
inspection procedures, a phenomena known as backscattered grain noise. 
These classical mechanisms of attenuation and scattering of ultrasonic waves have 
been extensively studied and are relatively well understood in single phase, polycrystalline 
materials. Notable, for attenuation, is the work of Papadakis [5] who has made significant 
contributions to the theoretical predictions of scattering contributions to attenuation. Stanke 
and Kino [6] developed a unified theory for scattering contributions to attenuation in 
polycrystalline materials consisting of equiaxed cubic crystallites that is valid for all 
frequencies. More complicated microstructures such as the duplex microstructures common 
to the titanium alloys used in the aircraft engine components exhibit much richer attenuation 
phenomena than do single phase materials. Some of these phenomena will be explored in 
this paper. On the backscattering front, Han and Thompson presented a theory describing 
backscattered grain noise in these duplex microstructures [7]. 
In addition to the above mentioned phenomena of attenuation and scattering, it has 
been found that the directions of propagation of ultrasonic beams and the strengths of signals 
observed when the fields scatter from flaws can be modulated, particularly when the 
wavelength is on the order of the scale of the microstructure or macrostructure. These effects 
are of considerable technological importance, since they can cause errors in determining a 
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flaw size, as well as fluctuations in the amplitude and phase of back surface echoes, making 
the determination of attenuation to be problematic. 
There have been limited studies of the phenomena underlying such observations. For 
example, experimental observations of phase aberrations in propagating beams have been 
made by Alers et al. [8,9] using laser detected surface waves and Goode et al. [10] using 
piezoelectric point probes to map beam profiles of bulk longitudinal waves. To the 
knowledge of the authors, however, the systematic study of the mechanisms which produce 
phase aberrations and their effects on attenuation measurements that we present in this paper 
is the most comprehensive study of its kind. 
We present a careful description of the data that define these phenomena and our 
current physical understanding of the interpretation of the results. We report critical 
experiments which clarify the physical mechanisms which produce the phase aberrations and 
determine, quantitatively, their effects on attenuation measurements. We will also present 
data that indicates that the mechanisms which produce phase aberrations do not remove 
energy from the propagating beam, and we will propose a physical picture that encompasses 
the ideas mentioned here. Also noted are a number of unexpected phenomena which 
challenge the notion that "attenuation" is a material property. Included are observations of 
the dependence of "attenuation" on beam volume, transducer focal properties, and 
propagation distance. 
The particular alloys selected for study were motivated by practical considerations. 
The alloys Ti-17 and Ti-6A1-4V are commonly used in rotating components of aircraft 
engines and flaw detection in these materials is critical to the safety of passengers. 
Attenuation is particularly important in flaw detection since estimates of attenuation are used 
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to compensate for signal diminution during propagation. Inaccurate determination of 
attenuation can lead to flaws remaining undetected or overestimating a flaw size (inferred 
from a signal strength), thereby producing a false positive with the accompanying increase in 
costs associated with incorrectly rejecting a serviceable part. A number of samples were 
used in this study of attenuation including ones taken from billets of commercially produced 
Ti-17 and Ti-6A1-4V. In addition, two model specimens were used, a plate of Ti-6A1-4V 
with extremely large grains was used to study beam volume effects on scattering from grain 
boundaries, and a sample from a billet of commercially produced Ti-17, also in the billet 
stage containing an array of flat bottomed holes, drilled in three orthogonal faces, and used to 
study the effects of the microstructure and macrostructure on flaw signals and on the 
attenuation inferred from them. 
In the sections which follow we will first describe the typical microstructure and 
macrostructure of the titanium alloys examined in this study. A summary description of the 
experimental methods used to determine backscattered grain noise and attenuation will then 
be presented. These will be followed by the results of measurements showing the anisotropy 
of attenuation and backscattering and studies of the attenuation deduced from the energy 
content in the ultrasonic beam. The effects that manipulating beam volume, transducer focal 
properties, and propagation distance have on attenuation will then be reported for pulse echo 
and energy measurements of attenuation, followed by measurements showing the effects on 
flaw signals and attenuation determined from the strength of the flaw signals. We will then 
propose a physical picture that encompasses the ideas mentioned here. The paper will 
conclude with a summary of the results and conclusions. 
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Specimens 
Commercially produced Ti-17 and Ti-6A1-4V go through a number of deformation 
steps at elevated temperatures during processing, starting with the breakdown of the 
solidiOed ingot and concluding with the manufactured part. The resultant microstructure and 
macrostructure is a direct consequence of these steps which will be outlined in the following 
section. A generic discussion of the processing that is utilized by one particular producer, 
germane for both Ti-17 and Ti-6A1-4V is presented next, followed by a description of the 
large grain plate and flat bottom hole samples. 
Commercial Ti-17 and Ti-6A1-4V Billet Material 
The life of a titanium component starts with a solidification process which produces 
an ingot, typically with a diameter on the order of 36 inches. This material is converted to a 
billet by a series of thermomechanical processes, significantly modifying the microstructure 
and macrostructure as the diameter is reduced to a range of 6 to 14 inches. As part of this 
process, the material is mechanically deformed at temperatures above 1000°C, at which the 
titanium alloy is in the cubic, beta phase. During the thermomechanical processing, which 
reduces the billet diameter, the beta grains became highly elongated (~ mm). Upon 
quenching to room temperature, the beta grains are transformed into colonies of hexagonal, 
alpha phase crystallites via a martensitic transformation. Due to the orientation relationship 
between the hexagonal, alpha grains and the cubic prior beta grains, the colonies of alpha 
grains have an orientation that is related to the crystallographic directions of the prior beta 
grains [11]. 
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The samples used for the ultrasonic measurements were cut from billets produced in 
this fashion. The samples were oriented such that the faces were parallel to the axial, radial, 
and circumferential (hoop) directions of the billet. 
The typical room temperature microstructure and macrostructure are shown in Fig. 1 
for Ti-17 and Fig. 2 for Ti-6AJ-4V, where elongated prior beta grains are visible in the 
macrostructure (Fig. lb and 2b), consisting of colonies of individual alpha grains. The 
photographs were taken with crossed polarized light, thus, the contrast is due to orientation 
differences between neighboring regions. When viewed on planes perpendicular to the three 
billet directions, the resulting microstructure is isotropic (Fig. la and 2a), while the 
macrostructure reveals macrograins highly elongated in the axial direction. Length scales 
range from several hundred micrometers for the colonies of single alpha crystallites to 
several millimeters for the prior beta grains in the elongated direction. The existence of two 
length scales, several mm for the prior beta grains, and several hundreds of micrometers for 
colonies, defines the duplex nature of titanium alloys used in this study. It should be noted, 
however, that a number of other materials and processing sequences can produce similar 
structures, so that the results obtained for these titanium alloys are believed to be generic. 
Large Grain Ti-6A1-4V Plate 
A'/4" thick plate of Ti-6A1-4V, was also examined. This plate had extremely large 
grains, on the order of a centimeter, many of which traversed the entire thickness of the plate. 
This sample was used to test the dependence of attenuation on the degree of scattering at 
grain boundaries and on changes to the beam volume and transducer focal properties. The 
extremely large grains were achieved by holding the temperature of the sample above the 
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beta transus (-1000°C) for many days so that the beta phase grains grew over a long period 
of time. Upon cooling, the cubic prior beta grains transformed into the hexagonal alpha 
phase via the same martensitic reaction discussed earlier. The resultant macrostructure is 
shown in Figs. 3a and 3b where a number of large grains are seen to traverse the thickness of 
the plate, as indicated by grains of the same shape on the front and back of the plate. 
Flat Bottom Hole Samples 
To investigate the relationship between attenuation determined from back-surface 
echoes using the pulse echo technique and attenuation which governs the strength of signals 
from small reflectors, 3x3 arrays of #1 (1/64" diameter) flat bottomed holes (FBH) were 
drilled into three orthogonal faces of a Ti-17 sample and into one face of a fine grained 
nickel reference specimen, produced using powder metallurgical processing. In all cases the 
holes were drilled 0.25" deep into nominally 3"-thick specimens, resulting in a metal travel 
path of approximately 2.75" from the sound entry surface used in measurements of reflection 
from to the FBH. In all cases, the 3 x 3 arrays had a spacing of 0.50" between adjacent holes, 
allowing the holes to be resolved by both planar and focused transducers. 
Experimental Methods 
A series of experimental techniques was used to elucidate the nature of the scattering 
mechanisms and to quantitatively determine the phase aberrations contribution to attenuation. 
Included were backscattered grain noise measurements and several methods to detennine 
attenuation. All measurements were performed with the samples immersed in water, using a 
reference signal to remove the effect of the transducer efficiency and electronics, so that the 
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measured quantities were controlled solely by interaction with the microstructure and 
macrostructure. The data could thus be considered to be a function of the microstructure and 
macrostructure of the specimen. The transducer was excited with a Panametrics 5052 PR 
pulser/receiver, and the received signal digitized at a 100 MHz sampling rate with a LeCroy 
9400A oscilloscope. In this section we will outline each technique starting with the 
backscattered grain noise measurement technique followed by a discussion of three 
attenuation measurement techniques. These include the traditional pulse echo method, a 
measurement of attenuation based on the through transmitted energy, and a measurement of 
attenuation inferred from signals from flat bottom holes used to simulate flaws. Studies of 
the variations of these measurements, based on altering the beam volume interacting with the 
material, the transducer focal properties and the propagation distance, were also performed to 
study the effects on attenuation from these measurement parameters. The properties of the 
transducers used are presented in Table I. 
Backscattered Grain Noise Measurements 
Ultrasonic backscattered noise was measured to study the noise generating and 
scattering characteristics of the microstructure and macrostructure in these titanium alloys, 
and the relationship of that scattering to attenuation. Noise measurements were made using a 
1.27 cm (Vi") diameter, 15 MHz transducer with a nominal focal length of 23.7 cm (9.35")» 
excited with a broadband pulse and scanned above one surface of the sample at normal 
incidence (see Fig. 4). To ensure a statistically significant number of signals, backscattered 
noise RF waveforms were collected at 100 or more locations, with care taken to ensure that 
the beam did not interact with the sides of the sample. Noise waveforms were coUected in 
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the time region between the front surface echo and the back surface echo and were analyzed 
within a several microsecond time gate centered in the focal zone of the beam. The influence 
of the measurement system was removed by utilizing a reference signal consisting of a back-
surface echo from a fused quartz sample. This data resulted in the determination of the 
frequency dependence of the noise Figure of Merit (FOM). This measure of the noise 
generating capacity of the microstructure, is equal to the square root of the backscattering 
coefficient, which is in turn proportional to the scattering amplitude at 180° [7]. 
Attenuation Measurements 
To study the influence of the macrostructure and the resulting phase aberrations on a 
propagating beam, attenuation was inferred from three different measurement techniques. 
One technique used a traditional pulse echo (P/E) setup; a second technique deduced 
attenuation from the energy transmitted through the sample, by mapping the emerging sonic 
beam. A third technique utilized signals from flat bottom holes drilled in the titanium 
samples and compared them with flat bottom hole signals in the reference sample of nickel. 
The attenuation of the fine grained nickel sample was only slightly larger than the attenuation 
of fused quartz and was, therefore, assumed to be zero [12]. These techniques were chosen 
because attenuation determined from a pulse echo measurement contains contributions from 
absorption, scattering from the microstructure and macrostructure and phase aberrations, 
while the attenuation inferred from the transmitted energy technique contains only 
contributions from absorption and scattering from the microstructure. Comparison of the P/E 
and through transmitted attenuation provides a basis for isolating the phase aberration ejects. 
The flat bottomed hole technique was selected because of its similarity to flaw detection 
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processes commonly implemented in the NDE community. By comparing the attenuation 
observed in this approach to those measured in the other two approaches, one should be able 
to ascertain which is most relevant to the flaw detection experiments. 
Pulse Echo (P/E) Technique 
The average ultrasonic attenuation was determined in the traditional manner. The 
amplitude of a back-surface echo observed in a pulse echo (P/E) setup was compared to a 
back-surface echo in a fused quartz specimen (see Fig. 5). The measurements were made 
with the following 10 MHz broadband transducers: a 0.635 (1/4") cm diameter planar 
transducer; a 1.27 cm (1/2") diameter planar transducer; and a 1.9 cm diameter focused 
transducer, with a focal length of 30.5 cm in water. Multiple attenuation measurements were 
made as each transducer was scanned above the surface of the sample at a fixed water path of 
2 cm for the planar transducers, and 0.4 cm for the focused transducer, the latter distance 
chosen to position the focal zone on the back-surface of the titanium specimens, a 
configuration that simplifies the correction for diffraction effects [13]. Multiple attenuation 
measurements were necessary to deduce an average attenuation because of the erratic 
behavior of the back surface (BS) echo as a function of position, commonly observed in these 
and other alloys whose macrostructure or grain size is on the order of the wavelength of the 
inspecting ultrasonic beam. Typically, a 3.8 x 3.8 cm^ region was scanned, taking data at 
441 locations with a step sizes ranging from 0.2 to 0.3 cm. At each location an FFT was 
performed on the received BS echo, and compared to the FFT of the fused quartz reference 
echo. The attenuation as a function of frequency, ap/E(f), was calculated at each location 
using the following equation. 
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|rp/E(OI = |3(f)ToiRioTioD(0| e-2ap/E(f)z (i) 
T and R are the plane-wave transmission and reflection coefficients with "0" designating 
water and "1" designating the titanium alloy. D(f) is the Lommei diffraction correction [14], 
ctp/E(f) is the frequency dependent attenuation coefficient determined from the P/E setup, and 
z is the thickness of the titanium specimen. By comparison with the BS echo from fused 
quartz, whose strength is governed by a similar equation, with the attenuation of fiised quartz 
assumed to be negligible, the transducer efficiency, P(f) was eliminated. Attenuation was 
computed in terms of the two measured quantities and the remaining factors which are 
predicted by simple, well known formulae. The results were then averaged over all 
transducer positions. 
Through Transmitted Energv ( I'lh^ Technique 
Attenuation was also inferred from the energy transmitted through the sample; the 
energy being inferred from cross-sectional maps of the transmitted beam made by scanning a 
"point" probe, with a nominal diameter of 0.0254 cm, through the beam of a stationary 
transmitter (see Fig. 6). The motivation for performing this measurement was to isolate the 
contribution to attenuation from those mechanisms which remove energy from the ultrasonic 
beam (absorption and scattering from the microstructure). In contrast with the P/E 
measurement, this TTE measurement is relatively insensitive to phase fluctuations across the 
cross section of the transmitted beam, because the "point" probe samples only a small region 
over which we assume the phase to be slowly varying (which is appropriate for the "point" 
transducer with a diameter less than the wavelength of 600 (im at 10 MHz in the titanium 
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alloys). By integrating the magnitude of the energy density (proportional to the square of the 
received signal) over the cross-section of the beam and comparing the result with a fused 
quartz reference signal obtained in the same manner, an attenuation was deduced. This is 
believed to be a function of absorption and scattering from the microstructure and includes 
only a minimal contribution from phase aberrations. The transmitting transducers were the 
same transducers used for the P/E measurements at the same water paths, with the receiving 
point probe scanned at a 0.38 cm water path over a 3.175 x 3.175 cm^ region. Data was 
taken at 2601 locations with a step size of 0.0635 cm, and the amplitude and phase of the 
emerging beam were mapped. The transducer efficiency was eliminated in the same manner 
as in the P/E measurement, using transmitted data from a fused quartz reference sample. The 
Fourier components were then used to calculate attenuation from the following equation. 
JJ|rTTE(f)|2dxdy = |P(f)ToiTio|V2aTrE(f)2. (2) 
Here arreCf) is the frequency dependent attenuation coefficient determined from the 
transmitted energy technique, and all other variables have the same meaning as in the pulse 
echo technique. 
Quantitative comparisons of the strong and weak echoes were performed by 
calculating the fractional reduction in echo strength at a given frequency due to phase 
aberrations over the back-surface from the following equation. 
\\p'(f,x,y)flxcfy (3) 
]]\P%f,x,y)dxdy 
Here F is a dimensionless, frequency-dependent fraction which measures the reduction in the 
strength of a back-surface echo that is attributable to phase variations (i.e., to wavefront 
curvature, tilting, or other distortion). Note that in this ratio the phases contribute to the 
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numerator but not to the denominator, and the denominator itself is proportional to the total 
energy carried by the incident pulse. The fraction F for an "ideal piston probe" for 
propagation through the fused quartz reference for the parameters of this experiment can be 
calculated using ultrasonic beam models [12], and one finds that F = 0.33 at 10 MHz. Thus, 
wavefront "distortions" associated with ordinary diffraction have caused a 67 % reduction in 
the strength of the back wall echo in fused quartz. 
In evaluating F, three minor approximations were made: (1) ideally, F should have 
been evaluated at the back-surface, but our evaluation was made on a parallel plane in water 
a few millimeters beyond the back-surface, (2) we have assumed that the small diameter 
receiver functioned as a true "point" receiver, i.e., that the received signal is directly 
proportional to the incident pressure at the receiver location, and (3) the double integral in 
equation. (2) was replaced by a summation over the grid of points in the receiver scan plan. 
Flat Bottomed Hole (FBH) Technique 
This technique was employed to determine whether the P/E measure of attenuation or 
the TTE measure of attenuation is more appropriate for use in analyzing flaw detection data. 
Two 10-MHz transducers were used: W diameter planar, and 2" diameter with a nominal 
focal length 16". In examining the nickel reference sample, the attenuation was measured 
using the P/E technique with fiised quartz as a reference sample. In the 5-15 MHz range the 
attenuation was found to be approximately independent of firequency, and very small. A 
small positive value (<a> = 0.002 Nepers/cm = 0.04 dB/in) was obtained with the planar 
transducer, and a small negative value (<a > = - 0.002 Nepers/cm = - 0.04 dB/in) was 
obtained with the focused probe. We concluded that the attenuation of the nickel specimen 
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was negligible (< 0.002 Nepers/cm) within our frequency range of interest, and in subsequent 
analyses it was assumed to be identically zero. 
C-scan images of the flat bottomed holes in Ti-17 were made using the 10-MHz 
planar and focused transducers described above. These were compared with similar images 
of the FBHs in nickel. Attenuation-vs-frequency curves for titanium were then determined 
by comparing the spectra of the nine peak FBH echoes in titanium to those in nickel. For the 
nickel reference specimen, the water paths were 4.8 cm and 10.1 cm for the planar and 
focused probe measurements, respectively, with the latter chosen to maximize the peak-to-
peak voltages of the FBH echoes. 
Experimental Results 
This section will include a discussion of data that defines the complicated anisotropy 
that occurs in backscattering and attenuation in these titanium alloys. Results from the study 
of the energy content in the beam will then be reported including reporting experimental 
observations of phase aberrations. We will then report on the how various measurement 
parameters can affect attenuation measurements. 
Anisotropv of Ultrasonic Backscattered Grain Noise and Attenuation 
The titanium alloys used in this study exhibit a high degree of anisotropy in the 
ultrasonic properties, FOM and attenuation. Results for a Ti-17 specimen are plotted in Fig 
8a and b respectively, for each of the three orthogonal propagation directions, coincident 
with the billet coordinate system (axial, radial, and hoop). 
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Most notable is the anisotropic nature of the noise, where hoop propagation produce 
the highest noise and axial propagation the lowest noise, with radial propagation producing 
intermediate values. Portions of this anisotropy in noise can be understood physically by 
considering that the macrograins are elongated in the axial direction and hence propagating 
parallel to the elongated macrograins (axial) produced the smallest FOM due to the smaller 
macrograin cross section. Propagating perpendicular to the elongated grains (hoop direction) 
produces the largest FOM due to a large macrograin cross section presented to the beam. It 
is interesting to note the anisotropy between radial and hoop propagation, which is likely due 
to the macrograins having different dimensions in the radial and hoop directions as has been 
observed by the authors for other samples [15]. This noise anisotropy between axial and 
hoop propagation is consistent with the theory for backscattered grain noise in duplex 
microstructures developed by Han and Thompson [7] and ideas presented by Goebbles [16]. 
The P/E attenuation of the same sample exhibited a similarly strong anisotropy, as 
revealed by the plot of attenuation as a function of frequency shown in Fig. 8b. However, the 
propagation direction producing high noise (hoop) exhibited low attenuation and propagation 
directions producing low noise (axial), exhibited high attenuation. This anisotropy 
relationship has been observed previously for many titanium alloy samples [15]. These 
results suggest that noise and attenuation are intimately related, implying that the two 
properties are governed by related scattering phenomena. However, the details are counter 
intuitive to current understanding of attenuation. Namely, as the backscattered grain noise 
increases one might expect attenuation to also increase due to an increased amount of energy 
being scattered out of the beam. However, results on these samples show the opposite 
behavior. Further subtleties are evident when con^aring the attenuation and backscattering 
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for propagation in the radial and hoop directions. For example, attenuation for radial and 
hoop propagation are nearly indistinguishable from each other while the FOM was 
anisotropic. This type of behavior has been recently observed in aluminum alloys [17], and 
illustrates the complicated nature of the relationship between attenuation and backscattering 
and serves to define the focus of this work. Thus, we desire to elucidate the physical 
mechanisms that cause this anisotropy and control attenuation and backscattering. For 
comparison, the FOM and attenuation vs frequency for a Ti-6A1-4V sample are plotted in 
Fig. 9. Both FOM and attenuation again show significant anisotropy whose relationship has 
a similar counterintuitive nature that was observed in Ti-17; propagation directions with high 
noise exhibiting a low attenuation and vice versa. In addition, the attenuation for Ti-6A1-4V 
is higher than in Ti-17. Understanding the scattering phenomena controlling these 
counterintuitive anisotropy relationships and the variations between alloys is the primary 
focus of this work. 
C-scans of Back-Surface Echoes 
The fluctuation of the back surface echoes responsible for the large error bars 
observed in the P/E attenuation data can be seen in Fig. 10, where surface plots and C-scans 
of the peak to peak voltage of the back-surface echo as a function of position are displayed, 
for axial, radial, and hoop propagation in Ti-17 using a planar transducer. The data is 
normalized by dividing the voltages by the maximum voltage in a given scan, so the 
amplitude scale goes from zero to one. Significant fluctuations of amplitude of the back-
surface echoes are evident for all propagation directions with the most fluctuations seen for 
axial propagation indicated by the standard deviation of 0.192 relative to radial and hoop 
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propagation where the standard deviation is 0.171 and 0.169 respectively. It is important to 
note that the patterns seen in the C-scan for axial propagation looks significantly different 
than that seen in the C-scans for radial and hoop propagation. The C-scan for axial 
propagation has small isolated regions with high amplitude while the C-scans for radial and 
hoop propagation have long bands with relatively uniform amplitude. It is likely that the 
bands seen in the C-scans for radial and hoop propagation and the isolated regions in the C-
scan for axial propagation are correlated with the elongated macrograins seen under optical 
microscopy (Fig. 1). Specifically, for axial propagation, parallel to the elongated grains, the 
high and low amplitude regions are arranged in a pattern that mimics the cross sectional view 
of the macrostructure seen in Fig. Ic. Furthermore, for radial and hoop propagation, 
perpendicular the elongated grains, the bands coincide with the direction of elongation of the 
macrograins seen in Fig. lb. 
Energy Content in Strong and Weak Echoes 
Two echoes representing extremes in amplitude for axial propagation in a Ti-17 
sample with a Vi" planar transducer are shown in Fig. 11. The amplitude of the weak echo is 
an order of magnitude smaller than the amplitude of the strong echo and the weak echo is 
severely distorted. One possible explanation for these differences in amplitude between the 
strong and weak echoes is that more energy is being removed from the propagating beam due 
to scattering and absorption at the weak echo location relative to the strong echo location. To 
show that this was not the case, results from attenuation calculated from the energy in the 
beam were performed, as reported in the next section. 
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Beam Maps and Transmitted Energy 
This section presents results for attenuation determined using the TTE technique for 
transmitter locations producing strong and weak back-surface echoes seen in Ti-17 for axial, 
radial, and hoop propagation. The goal is to study the attenuation due to absorption and 
scattering from the microstructure and to determine if more energy is removed from the beam 
at the weak echo location relative to the strong echo location for axial, radial, and hoop 
propagation directions 
C-scans of the transmitted signal phase and amplitude for the 9.2 MHz component 
with a diameter planar transmitting transducer placed at the strong and weak echo 
locations, are shown in Fig. 12 and Fig. 13 respectively. The response from fused quartz for 
the same transducer is shown for comparison with a distortion free material. There are 
several significant features apparent for measurements in the titanium alloy block. One, both 
the phase and amplitude of the beam were severely distorted as it traversed the Ti-17 
specimen relative to traversing fused quartz. Secondly, it is important to note the anisotropy 
of the phase and amplitude maps. Speciflcally, propagation in the axial direction produces a 
higher degree of distortion in both the phase and amplitude relative to propagation in the 
radial and hoop directions, which qualitatively exhibited the same degree of distortion. 
Furthermore, for each propagation direction, the degree of distortion of the phase and 
amplitude for the transmitter at the strong and weak echo location are qualitatively the same. 
This indicates that there is likely little fiindamental difference between scattering 
mechanisms at the strong and weak BS echo locations. Although not easily seen in the 
Hgures, it is also significant that the scaled peak amplitude is larger in Ti-17 than that in 
fused quartz, in the axial and radial directions for the strong BS echo, and in the axial 
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direction for the weak BS echo, indicating that, in addition to causing significant distortion in 
the amplitude and phase, the wavefront distortion can cause "hot spots" in the beam profile, 
possibly due to constructive interference caused by the beam steering. 
The value of F at sites where strong and weak back-surface echoes were seen was 
gathered for all three propagation directions using a 0.25 "-diameter planar probe. The results 
for the fused quartz and Ti-17 specimens are shown in Fig. 14. Notice that at "strong echo" 
sites the value of F tends to be much larger that at "weak echo" sites. This indicates that 
phase aberrations caused by the titanium macrostructure are responsible for the large 
differences in BS echo strengths. At "weak echo" sites, we find that sufficient sound energy 
is available to produce a large echo, but larger than average phase cancellations are 
occurring. It is interesting to note that for some "strong echo" sites, the F value in titanium is 
larger than that in fused quartz, indicating that in those cases the macrostructure has acted to 
"flatten" the wavefronts in the high-pressure portion of the beam, and hence to actually 
enhance the echo. In general, two types of wavefront distortion could be responsible for 
producing weak BS echoes. These can be loosely defined as "wrinkling" and "tilting". 
Wrinkling is caused by phase aberrations as observed in Fig. 12. In the latter, the wavefront 
may be reasonably flat, but it is tilted relative to the back wall. This can occur if the beam is 
being steered by the macrostructure toward non-normal incidence. Evidence for such beam 
steering will be discussed in a later section where results fi-om flat bottomed holes are 
presented. 
Attenuation, calculated as a function of frequency fr-om the transmitted energy, is 
plotted in Fig. 15 for the axial, radial, and hoop directions for the strong and weak echo 
locations. It is significant that the TTE attenuation for the transmitter at the strong and weak 
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BS echo locations are essentially indistinguishable, implying that the observed decrease in 
the amplitude and the distortion of the weak BS waveform relative to the strong BS 
waveform in a P/E configuration (Figs. 11) is due primarily to the wavefront being distorted 
due to the accumulation of phase aberrations and beam steering and that this process does not 
remove energy from the beam. 
Comparing the TTE attenuation in the different directions, as shown in Fig. 16, 
indicates that the energy loss due to absorption and scattering from the microstructure is 
isotropic. This observation implies that the large attenuation observed for axial propagation 
using the P/E measurement was artificially elevated due to distortion of the wavefront as the 
beam traversed the macrostructure. 
Comparison Between Pulse Echo and Transmitted Enerev Attenuation 
Attenuation determined from the P/E and the TTE techniques for axial, radial, and 
hoop propagation, are plotted in Fig 17 a, b, and c, respectively. For all propagation 
directions attenuation determined from the P/E technique was larger than the attenuation 
determined from the TTE technique. Qualitatively the diiference between ap/E and a-rrE is 
greater for axial propagation, indicating that the effects of phase aberrations in P/E 
attenuation are largest for axial propagation and smallest for radial and hoop propagation, 
consistent with the beam maps shown in Fig. 12 and 13. These results support the view that 
the P/E attenuation measurements are elevated due to phase aberrations. 
The phase aberration contribution to the pulse echo attenuation can be quantitatively 
determined from the following equation. 
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fraction phase aberration contribution= — (4) 
cc,M) 
Where cCp,^{f) is the attenuation from the pulse echo measurement as a function of 
frequency (/) and (/) is the attenuation from the transmitted energy measurement as a 
function of frequency. Plotted in Fig. 18 is the fraction phase aberration contribution for 
axial, hoop, and radial propagation in Ti-17 calculated from the data in Fig. 17. It is seen that 
the P/E attenuation for axial propagation has the largest percentage contribution from phase 
aberrations, relative to hoop and radial propagation. 
Measurement Effects on Attenuation: Beam Volume. Transducer FocaJ Properties. 
and Propagation Distance 
With these intriguing results for the traditional P/E measurement as motivation, some 
of which were initially counterintuitive to the authors, the effects of beam width, transducer 
focal properties, and of varying propagation distance on attenuation were studied. In the 
classical view of attenuation, one would expect no dependence on these parameters (other 
than through the effects of diffraction which are well understood). However, the existence of 
a strong contribution of phase fluctuations suggested that the possibility of such effects be 
examined more carefully. In this section we will first report results from a large grain plate 
of Ti-6A1-4V, which was chosen as a model system because of its well controlled 
microstructure and macrostructure. We will then report results obtained on commercially 
produced samples of Ti-17 and Ti-6A1-4V. 
Initial data suggested that beam volume might be the controlling parameter, and the 
beam volume was adjusted using three techniques: 1) determining attenuation using 
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transducers with different diameters and focal properties, 2) determining attenuation at 
different water paths for a single focused transducer and 3) determining the attenuation by 
using multiple back-surface echoes, BSl, BS2, and BS3. Probes used in this study were a 2" 
diameter transducer with a focal length of 16", a '/i" diameter transducer with a focal length 
of 3", a %" transducer with a focal length of 12", a W planar transducer and a V4" planar 
transducer. An approximate estimate of beam volume was determined using the following 
equation. 
lo+^n 2* r 
Volume = J J J r'dr'dcpdz (5) 
:=::o ip=Or'=Q 
where r' is the radial dimension, r(a, F, f, VhjO, Vn ) is the radius of the beam given by the 
Gaussian beam model developed by Thompson and Lopes [18], a is the transducer diameter, 
F is the focal length, f is the frequency, VhjO is the longitudinal speed of sound in water, Vxi 
is the longitudinal speed of sound in the titanium alloy, (p is the polar angle, z is the 
propagation direction, zo is the water path and zn is the thickness of the titanium alloy. 
Large Grain Ti-6A1-4V Plate 
To quantify the effects of beam volume and the interactions with grain boundaries on 
attenuation, measurements were performed on a specially prepared sample of Ti-6A1-4V with 
extremely large grains, many of which traversed the entire thickness of the thick plate. 
Experimentally, attenuation was determined from measurements performed with a 
Vi" and a diameter planar transducers, and a W focused transducer with a focal length of 
3", chosen to vary the beam volume from largest to smallest, respectively. In addition. 
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velocity and amplitude maps using the '/4" focused transducer were obtained to determine 
correlation between velocity and amplitude fluctuations and macrograins. 
A C-scan of velocity as a fiinction of position, determined by measuring the time of 
flight of successive back-surface echoes by overlapping their digitized signals at a zero 
crossing, along with the BS echo amplitude, using the Vi" focused transducer is plotted in 
Fig. 19. Large regions with uniform gray scale values separated by thin boundary regions 
indicate that the velocity is uniform over large regions that are similar in size and shape to 
the macrograins seen in Fig. 3a and 3b. Fig. 20 shows a C-scan of the amplitude of the back-
surface signal from the Vz" focused transducer. Large regions with a uniform high amplitude 
(light regions) are separated by thin regions with low amplitude (dark regions). A high 
degree of correspondence is seen between the high amplitude regions and the uniform 
velocity regions in Fig. 19 and Fig. 20 and macrograins seen in Fig. 3a and 3b. It is 
important to note that the low amplitude regions likely correspond to grain boundaries, 
indicating that when the beam interacts with more than one grain phase cancellation occurs 
as portions of the beam move at different speeds and become out of phase. 
Attenuation of the 10 MHz component along the scan line shown in the C-scan in Fig. 
20 is plotted in Fig. 21. Correlation between the high amplitude back-surface echo regions 
and the low attenuation regions can be seen, especially at points D,EJF. Point B has a similar 
low attenuation value and is in a neighboring grain separated by the grain boundary at point 
C where attenuation is seen to be much higher. The highest attenuation along this line was 
near point A and corresponds to a low back surface echo amplitude as seen on the back 
surface echo C-scan. 
30 
The effect of beam volume and transducer focal properties on attenuation is shown in 
Fig. 22 where we have plotted attenuation vs. frequency for the W planar (largest 
interrogated volume) and the Vz" focused (smallest volume) transducers and the V*" planar 
transducer with the intermediate volume. Plotted in Fig. 22b is attenuation vs. beam volume 
for the 12.5 MHz component. It is important to note that attenuation increases as the beam 
interacts with an increasing number of grains for a given transducer position for the larger Vi" 
planar transducer relative to the smaller W focused transducer. The data indicates that the 
attenuation is correlated with the beam volume. The attenuation increases as the beam 
volume increases and causes the ultrasonic field to interact with more grains creating a 
greater degree of signal cancellation due to the phase aberrations which develop as portions 
of the beam propagate at different speeds. 
While these results are illuminating and give a qualitative understanding to scattering 
which produces phase aberrations in these alloys, they are somewhat idealized since 
macrostructures in commercially produced alloys have a three dimensional geometry and 
thus the scattering which produces phase aberrations is likely more complex than in the 
idealized structures of the large grain plate. 
Commerciallv Produced Ti-17 and Ti-6A1-4V Billets 
The strong dependence of attenuation on beam volume seen for the large grain plate 
of Ti-6A1-4V, is consistent with the idea that phase aberrations occur and increase in severity 
as the beam encounters more grains. It is important to study this relationship for 
conmiercially produced titanium alloys to ascertain if the same trend holds. 
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Plotted in Fig. 23 is attenuation vs. frequency for axial propagation in Ti-17 for 
attenuation determined using a 2" diameter focused transducer, a '/i" diameter planar 
transducer, and a diameter planar transducer. Similar to the large grain plate of Ti-6A1-
4V, a strong dependence on beam volume is seen with the largest volume beam producing 
the largest attenuation as can be seen in Fig. 23b where the attenuation at 10 MHz vs beam 
volume determined from equation (5) is plotted. 
A more detailed study of attenuation using several different transducers and both the 
P/E method and the TTE method was undertaken. Attenuation was deduced for ultrasonic 
waves propagating in the axial and radial directions, parallel and perpendicular to the 
elongated grains, respectively. In this section results for both alloys will be reported to 
further explore the effects of beam volume and macrostructure on attenuation inferred from 
the P/E and the TTE techniques. 
There are two important features that the P/E measurements of attenuation vs 
frequency for Ti-17 and Ti-6A1-4V reveal, as shown in Figs. 24a and b respectively, where 
average attenuation is plotted as a function of frequency for the 1.9 cm (%") diameter 
focused transducer the 1.27 cm ('/i") diameter planar transducer, and the 0.635 cm (V4") 
diameter planar transducer. One is the anisotropy that exists in P/E attenuation in both Ti-17 
and Ti-64. In both alloys, the attenuation is largest for axial propagation for all transducers, 
with the radial propagation producing a lower value. Secondly, the P/E attenuation of Ti-64 
was found to be larger than that of Ti-17 for both propagation directions as seen in Fig. 24 
indicating that the attenuation is dependent on the macrostructure in which the beam 
propagates which is not surprising. 
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Significant signal fluctuations from position to position were seen in all measurement 
directions for all three transducers, in both alloys, as exemplified by the error bars on the 
axial and radial data from the focused transducer, which represent the standard deviation of 
the 441 measurements from the mean attenuation. The small error bars at low frequency for 
data taken with the focused transducer contrast with the larger error bars at low frequency for 
data taken with the planar transducer, shown in Fig. 8b and 9b. 
Attenuation at 12.5 MHz vs. volume for Ti-17 and Ti-6A1-4V are plotted in Fig. 25a 
and b respectively. Attenuation for axial and radial propagation shows very little dependence 
on volume. The attenuation show a weak dependence on beam volume where the attenuation 
using the W diameter transducer (largest volume) is greater than the attenuation data using 
'/4" diameter transducer (smallest volume) for axial propagation for both Ti-17 and Ti-6A1-
4V. This very weak volume dependence of attenuation contrasts with the decrease in 
attenuation as volume was increased by determining attenuation using higher back-surface 
echoes, and is weaker than the volume dependence of attenuation observed in the large grain 
plate of Ti-6A1-4V and attenuation determined with the larger 2" focused transducer on the 
alloy specimen. The scattering from the macrostructure in these commercially produced 
titanium alloys is more complicated due to its three dimensional nature. 
Plotted in Fig. 26 is attenuation vs frequency for axial propagation while altering the 
water paths to position the focal zone from the back surface of the sample to beyond the back 
surface. The beam volume increases during this change, and the attenuation decreases in 
direct contrast to the above data. The same trend to a lesser degree is shown in Figs. 27a and 
27b for the planar transducer. 
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The beam volume was also altered by determining attenuation using higher back-
surface echoes. Typically and in ail previously shown data, the back-surface echo (BSl) 
is used. Attenuation vs frequency using BSl, BS2, and BS3 are shown for the W and the 
planar transducers in Fig 28a and 28b respectively. One can see in Fig. 28c that, as the beam 
volume increased, the attenuation decreased in direct contrast to the above data shown in Fig. 
22b and 23b. It is interesting to note that the decrease in attenuation with increasing volume 
is larger than that determined with the BSl echo only shown in Fig. 27c. 
These results indicate that the simple picture that attenuation scales with beam 
volume that was shown to be true for the large grain plate of Ti-6A1-4V and one Ti-17 
sample is not the whole story, and more work is needed to fully define the scattering 
phenomena which control attenuation. 
One possible explanation of these results is that, when the higher back-surface echoes 
are used to determine attenuation, there is an additional effect due to increasing the travel 
path in the material. Therefore, we speculate that the significant decrease in attenuation with 
higher back-surface echoes is due predominantly to increasing the travel path. 
This result that attenuation depends on travel path is surprising and unexpected. 
Typically, it is assumed that the amplitude of a travelling wave decreases with an exponential 
decay given by where a(f) is the frequency dependent attenuation coefficient in units of 
Nepers/cm, f is the frequency, and z is the travel path in the metal specimen. Under this 
assumption the attenuation coefficient is expected to be independent of travel path. Data in 
this section show this is clearly not the case and a more detailed study of the travel path 
dependence is needed and being undertaken by the authors and will be reported in a future 
publication. 
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Measurement Effects on 11 fa Attenuation: Beam Volume 
In this section we will present beam maps and attenuation which show experimental 
measurements of phase aberrations for planar and focused transducers in Ti-17 and Ti-6A1-
4V. These measurements were performed to determine the effects of adjusting the beam 
volume on the attenuation determined using the through transmitted energy attenuation 
procedure to determine if there is any difference in energy loss. 
C-scans of the phase and amplitude of the transmitted signal for the 9.2 MHz 
component of the largest (1/2" planar) and the smallest (3/4" focused) beam volumes are 
shown in Fig. 29 and Fig. 30 for Ti-17 and Fig. 31 and Fig. 32 for Ti-6A1-4V. The response 
from fused quartz is shown for comparison with a material which produces no phase 
aberrations. Strong evidence that severe phase aberrations accumulate as the beam 
propagated through these titanium alloys can be seen in the phase maps shown in Fig. 29-32 
compared with propagation through fiised quartz. 
There are several significant features apparent in the C-scans of the beams emerging 
from the titanium alloys. First, both the amplitude and phase of the beam produced by both 
transducers were severely distorted as the beam traversed either of the titanium alloys 
relative to fused quartz. It is interesting to note that propagation through Ti-6A1-4V 
evidently produces more amplitude and phase distortion than through Ti-17 in both the axial 
and radial directions. Secondly, it is important to note the anisotropy of the amplitude and 
phase distortions in the both Ti-17 and Ti-64. Specifically, propagation in the axial direction 
produces a higher degree of distortion in both the amplitude and the phase relative to the 
radial direction. 
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Attenuation calculated as a function of frequency firom the transmitted energy, is 
plotted in Fig. 33 and Fig. 34, for the axial and radial propagation in Ti-17 and Ti-64 
respectively, for all three transducers. It is significant that the deduced attenuation in Ti-17 is 
approximately the same for both axial and radial propagation, even though the 
macrostructure look significantly different as shown in Fig. 1 and 2, indicating there is no 
significant difference of energy loss between the two propagation directions and that 
attenuation is independent of beam volume. These results support the previous implications 
that the large attenuation observed for axial propagation determined by the P/E method and 
the dependence on beam volume resulted from distortion of the ultrasonic field as it traversed 
the macrostructure due to phase aberrations. 
The results in Ti-64 are quite different as can be seen in Fig. 34. First the attenuation 
calculated from the energy loss did not decrease to the same value as in Ti-17, indicating that 
the microstructure in Ti-64 scatters or absorbs a significantly greater quantity of energy from 
the sonic beam than Ti-17. In addition, the TTE attenuation for axial and radial propagation 
in Ti-64 was anisotropic, indicating that scattering from the microstructure is anisotropic. 
More research is being undertaken by the authors to help determine the mechanisms 
controlling attenuation and will be reported on in future publications. It is clear that more 
detailed experimental and theoretical work needs to be accomplished to thoroughly 
understand these scattering phenomena. While the data presented in this section regarding 
transducer effects are not conclusive and at times contradictory, they are presented to raise 
important question regarding the nature of the phenomena governing attenuation in these 
materials and to stimulate discussions that will help to understand these phenomena. 
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Attenuation Determined from Flat Bottomed Hole Signals 
Selected C-scan images of gated peak to peak voltage (GPV) of FBH arrays in nickel 
and Ti-17 for axial, radial, and hoop propagation using focused and planar transducers are 
displayed in Fig. 35. Three quantities denoted <V>, <7, and D have been tabulated for each 
image. <V> is the average of the 9 maximum GPV values (one per hole), corrected for 
interface losses and water attenuation, and normalized to 100 for nickel. Thus a value of 
<V> = 100 for Ti-17 would indicate no reduction in GPV due to attenuation, and a small 
value <V> indicates a large ultrasonic attenuation. G is the standard deviation of the 9 
maximum GPV values, expressed as a percentage of the mean, and serves to quantify the 
level of signal fluctuation. D is the average diameter of the FBH images at the -6 dB level 
(50% of maximum GPV value). By comparing a values we see that signal fluctuations are 
much larger for inspections using the planar probe inspection than for the focused probe. As 
noted earlier, the same is generally true for fluctuations of back surface echoes. There is also 
obvious evidence of beam steering in the axial inspection when the planar probe is used: 
although the 9 FBH are arranged in a regular array with 0.5" spacing, their images clearly are 
not. 
For the focused probe inspection, average attenuation-vs-frequency curves are 
displayed in Fig. 36 for each propagation direction in Ti-17 specimen . These have been 
deduced by comparing the spectra of the peak FBH echoes in Ti-17 and nickel. When the 
planar probe was used, their relative ordering was reversed: <a> was largest for radial 
propagation and smallest for axial propagation 
It is interesting to note that the inspection direction for which the FBH attenuation is 
lowest (or highest) depends upon the transducer used. For example, when the planar probe is 
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used the average FBH echo tends to be stronger for axial rather than radial propagation, 
indicating lower attenuation for axial propagation. However, the opposite is true when the 
focused probe is used. For the focused inspection the average image diameter (at the focal 
plane) is larger for Ti-17 than for nickel, indicating that the titanium microstructure acts to 
defocus the beam. The degree of defocusing is largest for axial propagation. For axial 
propagation using the small planar probe, however, the average image diameter is smaller 
for Ti-17, suggesting that the columnar microstructure acts to "guide" the sound beam 
somewhat, thus reducing lateral diffraction. 
Attenuation values deduced from these FBH measurements were then compared to 
values deduced using the back-wall and through-transmitted-energy methods. The average a 
values at 10 MHz deduced using our three measurement methods are compared in Fig. 37. 
Note that for radial and hoop propagation the different methods yield roughly similar results, 
but large differences are seen for axial propagation, indicating that the anisotropic 
macrostructure significantly influences the attenuation. 
From our limited number of FBH measurements, we conclude that back-wall 
attenuation is not always a reliable indictor of the effective attenuation of echoes from small 
flaws. The differences between attenuation determined from back-surface echoes and 
attenuation determined from FBH were most noticeable when phase aberrations effects were 
a major contributor to signal attenuation, i.e., when: (1) the sonic beam propagates parallel to 
the macrograin elongation direction in billets; (2) higher inspection frequencies are used (i.e., 
> 5 MHz); (3) the sonic beam is either unfocused or not focused at the depth of the 
reflector(s). 
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Physical Picture for Backscattered Grain Noise and Phase Aberrations 
The elongated prior beta grains can have dramatic effects on the propagation of 
ultrasonic waves at frequencies where the wavelength is on the order of the macrograin size. 
Qualitatively, the effect that these elongated prior beta grains have on backscattered grain 
noise and attenuation due to phase aberrations are schematically illustrated in Fig 38. It has 
been observed in previous work [15] and in Fig 8 and Fig. 9 that propagating perpendicular 
to the elongation direction produces a large backscattered grain noise and propagating 
parallel to the elongation produces a low backscattered grain noise. These observations are 
consistent with the picture that backscattering increases as the scattering cross section 
increases. However, it has been found that attenuation has the opposite anisotropy. 
Propagation directions producing a high backscattered grain noise produce a low attenuation 
and vice versa. This relationship is in contrast with conventional thinking [16] where one 
expects that if backscattering is high then attenuation would also be high due to a large 
portion of energy scattering out of the beam. 
A physical picture proposed to account for this discrepancy and the existence of 
phase aberrations is shown in Fig. 39 in which the wave front of a propagating beam is 
shown to become distorted as it traverses the elongated prior beta grains, which produce an 
inhomogeneous velocity distribution across the cross section of the beam. Under these 
assumptions, the longer the grain in the direction of propagation the more phase aberrations 
develop. Such phase aberrations can be viewed as the result of forward scattering. A model 
that encompasses the ideas presented here will be the subject of a future publication. 
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Conclusions 
We demonstrated that the variation in amplitude of strong and weak backsurface echoes 
in Ti-17 and Ti-6AI-4V are not due to energy loss from the beam as it traverses the sample, 
but rather to phase aberrations which distort the wave front as the beam propagates. 
Furthermore, attenuation deduced from the through transmission was independent of 
propagation direction (axial, radial, or hoop), indicating that the anisotropy seen in the pulse 
echo measurement was due to varying degrees of phase aberrations. These results support 
the premise that the decrease in amplitude of the weak echo and the anisotropy in the pulse 
echo attenuation measurement are due to phase aberrations across the beam cross section 
caused by fluctuations in the sound velocities between neighboring macrograins. 
In addition we showed that for propagation parallel to the elongated grains, the P/E 
attenuation had the most contribution from phase aberrations and we proposed a physical 
picture to describe the underlying physics that likely produce phase aberrations. The effects 
that various measurement parameters have on attenuation measurements were documented 
with the goal to stimulate discussions and further study. 
Future work will include the development of theories that account for the phase 
aberrations contribution to attenuation. It is also of interest to determine the absorption 
contribution to a P/E measurement of attenuation. 
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Figure 1. Metailograph showing Ti-l? billet (a) microstructure viewed in radial direction, 
(b) macrostructure viewed in radial direction, and (c) macrostructure viewed in axial direc­
tion. 
Figure 2. Metailograph showing Ti-64 billet (a) microstructure viewed in axial direction, (b) 
macrostructure viewed in radial direction, and (c) macrostructure viewed in axial direction. 
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Table I Transducer Properties 
Transducer Designation Focal Property Center Frequency Diameter Focal Length 
T1 Planar 10 MHz 1/4" 
T2 Planar 15 MHz 1/2" 
T3 Focused 15 MHz 1/2" 3" 
T4 Focused 15 MHz 3/4" 12" 
T5 Focused 15 MHz 2" 16" 
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Figure 8 Ti-17 (a) attenuation vs. frequency, and (b) FOM vs. frequency for axial, radial, 
and hoop propagation. 
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Figure 12 Phase maps of the 9.2 MHz component for a planar beam transmitted through Ti-
17 for axial, radial, and hoop propagation at (a) a strong echo location and (b) a weak echo 
location and (c) fused quartz. The scan region was 3.175 x 3.175 cm^, with a 0.0635 cm step. 
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Figure 13 Amplitude maps of the 9.2 MHz component for a planar beam transmitted through 
Ti-17 for axial, radial, and hoop propagation at (a) a strong echo location and (b) a weak 
echo location and (c) fused quartz. The scan region was 3.175 x 3.175 cm^, with a 0.0635 
cm step. 
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Figure 19 C-scan of tiie velocity for the large grain plate of Ti-6A1-4V. 
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Figure 20 C-scan of the backsurface amplitude for propagation through the Ti-6A1-4V plate. 
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diflerent transducers and (b) attenuation vs. volume. 
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Figure 24 Attenuation vs. frequency for (a) Ti-17 and (b) Ti-6A1-4V using three transducers. 
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Figure 29 C-scans of the phase and amplitude with a 1/2" planar transmitter for Ti-17 and 
fused quartz. 
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Black = Low Amplitude 
Figure 30 C-scans of the phase and amplitude with a 3/4" focused transmitter for Ti-17 and 
fused quartz. 
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Ti-6A1-4V (1/2" Planar) 9.2 MHz 
Phase 
(a) Axial 
Amplitude 
(b) Radial 
l i ' -
White = High Amplitude 
Black = Low Amplitude 
Figure 31 C-scans of the phase (a) and (b) and the amplitude (c) and (d) for Ti-6A1-4V. 
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Ti-6A1-4V (3/4" Focused) 9.2 MHz 
Phase 
(c) 
Axial Radial 
(d) 
Amplitude 
White = High Amplitude 
Black = Low Amplitude 
Figure 32 C-scans of the phase (a) and (b) and the amplitude (c) and (d) for Ti-6A1-4V. 
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Figure 33 Attenuation vs. frequency deduced from the transmitted energy for (a) Ti-17 and 
(b) Ti-6A1-4V. 
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Figure 35 C-scan images of peak-to-peak voltage for planar-probe and focused-probe scans of flat-bottomed hole arrays 
in nickel and Ti-17 billet specimen. Upper row: using a 10-MHz, 0.25"-diameter planar probe. Lower row: using a 10-
MHz," diameter, F=16" focused probe. Annotations : <V> = relative average FBH voltage (100 = no material 
attenuation); a = FBH signal fluctuation level, as a percentage of the mean signal voltage; D = average FBH image 
diameter in mils (at the -6 dB level). 
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Figure 36 Average attenuation of Ti-17 billet specimen as deduced by analyzing FBH echoes 
from a 2" diameter focused transducer with a 16" focal length. 
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Figure 37 Comparison of average attenuation values for Ti-17 billet specimen deduced using 
back surface echoes, FBH signals, and TTE method with the planar and focused transducers. 
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Figure 38 Physical picture for backscattered grain noise and attenuation. 
Figure 39 Physical picture for phase aberrations contribution to attenuation. 
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A THEORY FOR ULTRASONIC ATTENUATION IN ALLOYS WITH DUPLEX 
MICROSTRUCTURES OF ELLIPSOIDAL SHAPES 
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P. D. Panetta and R. B. Thompson 
Center for Nondestructive Evaluation, Iowa State University 
1915 Scholl Rd. Ames, lA 50011 
Introduction 
Ultrasonic attenuation is assumed to be a fundamental property of wave propagation 
that results from a variety of interactions between the ultrasound and polycrystalline media. 
Classical mechanisms of attenuation, which remove energy from a beam, include absorption 
and scattering. Absorption (conversion of the mechanical energy to heat) can arise from 
many interactions including, dislocation damping [1], movement of point defects, and 
interactions with electrons and phonons [2]. Scattering of energy at grain boundaries causes 
removal of energy from the coherent beam. This occurs as the beam encounters a 
discontinuity in elastic properties at a grain boundary. Caused by a combination of the 
anisotropy of single crystal elastic constants and a change in the orientation of the crystallites 
at the grain boundary. A reflection and refraction of a portion of the wave results [3]. One 
particularly important component of the scattered field is that the portion scattered directly 
back to the transmitting transducer generates noise during inspection procedures, a 
phenomena known as backscattered grain noise. 
In addition, it has been found that, under circumstances where the wavelength of the 
ultrasound is on the order of the scale of the metaUurgical structure or less, the amplitude of 
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signals reflected from surfaces can be modulated. When the surface is the boundary of the 
flaw, this can lead to errors in determining a flaw's size and location [4]. When reflection is 
from the surface of the flaw, these fluctuations in the phase and amplitude of back surface 
echoes, can render determination of attenuation problematic. Furthermore, recent 
experimental results show a strong dependence of backsurface echoes on measurement 
parameters such as the diameter or focal properties of the transducer used to measure 
attenuation. These observations bring into question whether attenuation is a fundamental 
property of the microstructure of a material, as is generally believed or whether attenuation is 
dependent on measurement parameters as these recent experiments indicate [5]. 
Physically it is believed that the unusual experimental observations stem from the 
interaction of the insonifying beam with local regions of varying velocity, which causes 
phase aberrations to develop in the propagating beam. A signal appears to be attenuated upon 
reception by a piezoelectric transducer whose diameter is larger than the length scale of the 
fluctuations, presumably because the transducer has the effect of integration over the phase 
fluctuations [6]. While the phase distortions can produce a diminution of the back surface 
signal and thus a higher observed attenuation, relatively little energy is removed from the 
insonifying beam [5]. There have been limited studies of the phenomena underl)dng such 
observations. For exan^le, experimental observations of phase aberrations in propagating 
beams have been made by Alers et al. [7] using a laser to detect ultrasonic surface waves and 
Goode et al., who mapped the flelds of longitudinal beams exiting a sample with a "point" 
probe [8]. Panetta et al. also mapped beam profiles using a "point" probe and studied the 
effects of the observed phase aberrations on attenuation measurements [5]. Such phase 
aberrations can be viewed as the result of forward scattering from the individual grains. 
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However, for semantic convenience, we will view them as distinct from scattering processes 
in which energy is renioved from the beam. 
These scattering phenomena are of particular practical importance during 
nondestructive evaluation (NDE) since, during flaw detection, the backscattered grain noise 
can mask signals from flaws and estimates of attenuation are used to compensate for signal 
diminution during propagation. These effects can have deleterious effects on flaw detection 
and characterization. Moreover, due to the link between scattering and the microstructure, 
measurement of these ultrasonic quantities can be used as materials characterization tools if 
appropriate models exist. 
The study of scattering contributions to attenuation has a long history. Notable work 
was performed by Papadakis [9] in describing the scattering for grain boundaries. Truell et 
al. have also made significant contributions to the current understanding of scattering [3]. 
More recently, Stanke and Kino [10] have produced a unified theory of attenuation due to 
scattering believed to be accurate for all frequency ranges. We find this theory to be of 
considerable interest, since the parameters which describe the microstructure's influence on 
the attenuation can be directly measured. Their initial formalism is quite general, allowing 
for textured material and non uniform grain shapes, and, it accounts for some degree of 
multiple scattering. However, details and numerical results were only developed for the 
scattering from equiaxed, untextured materials with cubic crystallites. Their theory uses the 
2°^ order Keller approximation [11] and describes the microstructure with a correlation 
function defined as the probability that the endpoints of a line are in the same grain. The 2"^ 
order Keller approximation contains the effects of a certain degree of multiple scattering, 
which the authors argue are the most significant portions. An experimental validation of this 
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theory was performed by Stanke [12]. As an extension to their theory, Ahmed and 
Thompson [13] have allowed for arbitrary texture and elongated grains. Results indicate that 
there is an anisotropy in attenuation and phase velocity. Nicoletti el al.[14] have treated the 
effects of a distribution of grain sizes, rather than an average grain size, on attenuation using 
a simpler model developed by Roney [15] assuming weak anisotropy and single scattering. 
Their results indicate a good agreement between theoretically deduced grain size 
distributions and known distributions. Beltzer et al. [16] have stated that the approach of 
Stanke and Kino is not physical due to an apparent violation of causality. They then propose 
a correction to Stanke and Kino's purturbative approach and present an alternate method of 
calculating attenuation and phase velocity that is causal because it obeys the Kramers-Kronig 
relationships. 
There have been limited theoretical studies of the phenomena underlying the effects 
associated with phase aberrations. Two notable efforts are work by Huntington [17] and 
work by Margetan et al. [4]. In Huntington's work he considers that the beam may become 
out of phase with respect to each other and thus cause a diminution of a signal. His theory is 
applied to a pclycrystalline material with equiaxed grains with hexagonal symmetry. It does 
not however include the effects due to mode conversion and is valid only for intermediate 
frequencies. Margetan et al. [4] theoretically treated the effect that phase aberrations have on 
attenuation using a ray model in which energy is assumed to propagate along straight line 
rays traveling with an average velocity that varied as a fiinction of transverse position. They 
successfully calculated attenuation using measured ray velocities in a Ti-64 plate containing 
excessively large prior alpha grains (~ several cm), many of which extended over the entire 
thickness of the 0.635 cm thick plate. While Margetan et al. [4] had success for a sample 
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with the special characteristics stated above, their model cannot be practically applied to the 
complicated structures that occur in common engineering alloys because the spatial 
distribution of average ray velocities through a specimen is not generally known, due to the 
smaller and three dimensional nature of those microstnictures. 
While these theoretical treatments represent significant progress, it is believed that 
none currently can predict the phase aberration contribution to attenuation in textured, duplex 
alloys with elongated grains. 
In a related problem, Han and Thompson [18] have modeled backscattered grain 
noise for longitudinal ultrasonic waves propagating in duplex titanium alloys. Their theory 
contains backscattering contributions from prior beta grains (- mm) and from small colonies 
(- 100's nm) consisting of alpha grains. Their model assumes single scattering and the Bom 
approximation. Predictions of backscattered grain noise from various microstructures are in 
good qualitative agreement with experiment [19]. 
It is the goal of this work to model the interactions of the microstmcture and 
macrostructure with an insonifying beam. This paper presents two models describing the 
phase aberration contributions to attenuation. The first is a heuristic ray model, and like the 
work of Margetan et al. [4] it is too simple to be generalized to complicated duplex 
microstructures. Nevertheless, it is quite useful in identifying some of the essential elements 
of the underlying physics. The second model is an extension of Stanke and Kino's unified 
theory [10] where we have represented the duplex microstmcture as ellipsoidal macrograins 
containing ellipsoidal colonies with three different semi-axes. The general theory presented 
here is the only theory, known to the authors which predicts attenuation in materials with 
duplex structures. 
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Description of Macrostructure and Microstnicture 
The microstnicture and macrostructure which the sonic field propagates through is 
particularly important when considering attenuation. In this section we briefly outline the 
microstnicture and macrostructure of practical interest in this work. We will then show 
idealizations of these structures used for our modeling purposes. 
Titanium Macrostructure and Microstnicture 
Titanium alloys have a complex microstnicture and macrostructure as a result of their 
processing history. The structures that we will model are shown in Fig. 1. The coordinate 
system with the axial, radial, and hoop designations refers to the directions of the billet from 
which this sample was removed. Evident in the photograph of the macrostructure in Fig la 
are macrograins elongated in the axial direction indicated by light and dark bands. Also 
evident is a secondary elongation in the hoop direction for this sample. This specific 
macrostructure was produced by a series of thermomechanical deformation steps at elevated 
temperatures, details of which are discussed in reference 5. The elongation of the 
macrograins occurred as the billet was deformed at temperatures where the alloy was in the 
high temperature cubic (beta) phase. This highly anisotropic macrostructure strongly 
influences experimental measurements of attenuation and is reported in reference 5. In Fig. 
lb an intermediate magnification shows groups or colonies of single, hexagonal (alpha) 
grains. The microstnicture is shown in Fig. Ic The large macrograins with length scales on 
the order of several millimeters seen in Fig. la are composed of single grains grouped 
together in colonies, with a length scale of several hundred micrometers. These length scales 
define this duplex microstnicture. The colonies of single grains are formed upon cooling as 
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the titanium alloy transformed via a martensitic reaction firom the high temperature, body 
centered cubic (BCC), beta phase to the low temperature, hexagonal close packed (HCP) 
alpha phase. 
The colonies of single grains which resulted from the martensitic reaction have an 
explicit orientation relationship to the prior beta macrograins. Specifically the HCP, alpha 
phase forms with the(l 120^directions in the {0001} basal planes parallel to 
the(l 1 l)directions in the {110} planes of the BCC, prior beta macrograins [20]. In other 
words, the closest packed directions in the closest packed planes of each phase align. There 
are twelve unique crystallographic configurations of the alpha that satisfy the above 
requirement, six of which are elastically distinct. In our formalism, we assume that each of 
the six elastically distinct variants occurs with equal probability. This assumption has the 
effects on the elastic constants shown in Table I [18]. Note that the anisotropy of the 
hexagonal single crystal elastic constants are much larger than the anisotropy of the 
macrograins elastic constants, which are obtained by averaging over all variants and have 
cubic symmetry because of the assumption that all variants occur with equal probability. 
Idealization of Macrograins and Colonies 
The macrograins and colonies of single grains have been modeled in the following 
two manners. For both the heuristic ray model and the general theory of attenuation, the 
scattering from the single grains has been neglected. This is believed to be reasonable 
considering their length scale of under sixty micrometers is much less than the wavelength of 
the ultrasonic field, which is approximately six hundred micrometers at 10 MHz. 
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For the heuristic ray model, a further simplification was made by ignoring the 
colonies and nnodeling macrograins as rectangular parallelepipeds shown in Fig. 2. Both the 
single crystal elastic constant and the macrograin elastic constant in Table I were used to 
calculate attenuation. 
For the general noodel of attenuation, the macrograins and colonies were modeled as 
ellipsoids with three different semi axes. The calculations were performed in a series of 
steps. First, attenuation was calculated for macrograins ignoring the scattering from 
colonies, assuming spherical macrograins. This constraint was then relaxed and ellipsoidal 
macrograins were assumed as shown in Fig. 3a and Fig. 3b respectively. Next, the scattering 
from the colonies was treated by first assuming that the equiaxed macrograins were filled 
with equiaxed colonies as shown in Fig. 4. Attenuation was then calculated for ellipsoidal 
macrograins consisting of equiaxed colonies as shown in Fig. 5. Finally, the general case of 
ellipsoidal macrograins consisting of ellipsoidal colonies as shown in Fig. 6, was considered 
with elongated directions aligned with one another. 
Physical Picture for Backscattered Grain Noise and Phase Aberrations 
The effect that elongated grains have on backscattered grain noise and attenuation due 
to phase aberrations are schematically illustrated in Fig 7a and b. It has been observed [5] 
that propagating perpendicular to the elongation direction produces a large backscattered 
grain noise and propagating parallel to the elongation produces a low backscattered grain 
noise. These observations are consistent with the picture that backscattering increases as the 
scattering cross section increases. However, it has been found that attenuation has the 
opposite anisotropy. Propagation directions producing a high backscattered grain noise 
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produce a low attenuation and vice versa. This relationship is in contrast with conventional 
thinking [21] where one expects that if backscattering is high then attenuation would also be 
high due to a large portion of energy being scattered out of the beam. The reason for this 
inconsistency is believed to be due the phase aberrations that develop as the ultrasonic beam 
propagates through a material with grains large relative to the wavelength [5]. The longer the 
grain in the direction of propagation the more phase aberrations develop (see Fig. 7b). 
Theoretical models describing this behavior will be discussed in later sections. 
Outline of Paper 
This paper presents two models for the phase aberration contributions to attenuation. 
The first uses Auld's reciprocity relationship [22] to predict the amplitude of a back surface 
echo from which attenuation would be deduced. A ray theory is used to describe the 
propagation of the beam. The goal of this model was to elucidate a physical picture for the 
underlying physics producing phase aberrations. 
The second model is an extension of Stanke and Kino's unified theory [10] where we 
have represented the macrograins as ellipsoids with three different semi-axes. This was 
undertaken to give a more general theory that allows for texture and duplex microstructures 
to be incorporated. When colonies were considered these were treated as ellipsoids or 
spheres within the macrograins. This theory also includes the effects of diffraction that are 
neglected in the ray model. 
In the remainder of the paper we will outline the qualitative ray model and the general 
theory. Numerical predictions of the attenuation will be made for each theory. We will then 
end with conclusions and a discussion of future work. 
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Qualitative Rav Model and Results 
The mechanism of the phase aberration contributions to attenuation were investigated 
using a ray model in two steps. First, a simple one dimensional model was considered to 
determine the type of approximation required to satisfactorily describe the contributions of 
phase aberrations to attenuation. The configuration is shown in Fig. 8, where a single 
macrograin is simulated as region "2", whose acoustic properties, in this case velocity, differ 
from those of the surrounding layers (host medium, denoted by region "0"). The goal was to 
predict the dependence of the back surface echo on these properties. Auld's reciprocity 
relationship gives a result for SF = r2 - Fi, defined as the change in the ultrasonic signal due 
to the scatterer (macrograin), where Fi is the response in the absence of the scatterer (i.e. the 
properties of regions "2" and "0" are taken to be identical) and F2 is the response in the 
presence of the scatterer. In the general three dimensional form, the result is given by the 
following equation. 
Here Vi and ^ are the ultrasonic velocity and stress fields in the host medium in the 
presence of the macrograin, P is the power of the electrical signal exciting the transducer, and 
n is the inward normal of the closed surface (Af) surrounding the scatterer. For the particular 
case in Fig. 8, the 1-D version of Auld's reciprocity relationship for longitudinal wave 
illumination is applicable and is given by the equation below, where the length of the 
macrograin is given by (b-a). 
(1) 
absence of the macrograin, and V; and T, are ultrasonic velocity and stress fields in the 
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b 
a 
(2) 
Here (P/A) is tlie electrical power delivered to the transducer per unit area and the 
components of the velocity and stress fields are parallel to the direction of propagation (X3-
direction). 
The exact solution to the above equation for the change in the backsurface echo due 
to the existence of the macrograin is given by the following equation. 
Here Zo= pVo is defined as the acoustic impedance in region "0", where po and Vq are the 
density and velocity, CO is the radial frequency, UQ is the initial wave displacement, ko and kz 
are the wave vectors in the host material regions "0" and the macrograin, region "2" 
respectively, £ is the length of the sample, d is the thickness of the macrograin, and T02, T20 
and Roi are the plane wave displacement transmission and reflection coefficients, with "1" 
designating water. One can see that the effects due to the macrograin (region 2) enter both in 
the factor T^o2 T^2o and in the exponential. The latter phase shift increases with the thickness 
of the macrograin. This formalism predicts a phase shift due to the presence of the 
macrograin as expected from the physical picture, and thus gives a mathematical basis for 
understanding the source of the phase aberrations. 
To determine if the Bom approximation (weak scattering) can be employed, which 
would provide an easier basis for generalization, we start again with equation (1), reduce it to 
the one dimensional volume form, and then employ the Bom approximation. The result for 
5r is linear in thickness of macrograin (d) indicating that the Bom approximation does not 
(3) 
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predict the accumulation of extra phase terms as the beam propagates through the material. It 
is for this reason that the Bom approximation is not appropriate for the multiple forward 
scattering that produces phase aberrations and thus will be abandoned from here out. 
To test the ability of this ray theory to predict typical observations of the phase 
aberration contributions to attenuation, we next allowed the sample to consist entirely of 
macrograins simulated as rectangular parallelepipeds in three dimensions as shown in Fig. 9. 
Here we assume that there are N layers of grains, with M columns of grains being 
illuminated by the beam. Under the assumptions of ray theory, we can compute the 
contributions of each column of grains to the back surface signal independently. 
For each column of grains, the accumulation of additional phases alter the 
exponential as shown in the following equation, which is a generalization of equation (3). 
Zotu't/o 
° e  •  (4) 
The change in the total back surface signal is then given by: 
(5) /=I 
Attenuation was calculated from equation (6), below, which is the result of dividing 
equation (5) by a theoretical reference signal, and then assuming that the resulting ratio is 
governed by an exponential decay where a(f) is the frequency dependant 
attenuation coefficient and i is the thickness of the sanq)le. 
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J 
(6) 
Using equation (6), we calculated attenuation as a function of frequency for realistic 
macrograin dimensions of 400 ^.m x 1500 fxm x 12,500 ^m (a x b x c), simulating a 
laboratory attenuation measurement by assuming a finite transducer 2 cm on each side. The 
velocities were randomly assigned to the individual grains according to a uniform 
distribution extending 0.11% above and below VQ, assuming the anisotropy of the 
macrograin elastic constants in Table I. 
The 0.11% value was determined by calculating the standard deviation of the 
velocities assuming all orientation are equally probable and averaging over all angles, using 
the approach taken by Johnson and Fisher [23]. This was chosen to simulate the effects of 
macrograin anisotropy, and the attenuation was averaged over 200 sets of such selections for 
a sample 12.5 cm in length. Theoretical calculations of attenuation from equation (6) are 
shown in Fig. 10 where attenuation vs. frequency is plotted for propagation in three 
orthogonal directions, parallel to each major axis of the elongated macrograins. It is 
significant that the anisotropic behavior described in the physical picture section is correctly 
predicted, indicating that the beam becomes more "out of phase" as it propagates through 
longer grains, as illustrated in Fig. 7. This prediction is consistent with our hypothesis that 
phase aberrations make a major contribution to the pulse echo attenuation measured in these 
= ±00011) (7) 
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alloys. The magnitude of the attenuation is seen to be very small and is due to the small 
anisotropy of the macrograin elastic constants, and the associated small variation in velocity. 
From the description of the model it is reasonable to believe that certain measurement 
parameters might affect the predicted attenuation, such as transducer size and sample 
thickness. For example, it might be imagined that increasing the width of the transducer, and 
hence the parameter M, would change the predicted attenuation. However, due to the 
simplicity of the model and the fact that the distribution of velocities is random, this was not 
the case. For example, the functional form of the attenuation at low frequency is given by [4] 
M) 
Where, a is the standard deviation of velocities for a given ray path through the thickness of 
the sample. Here a is equal to the standard deviation of single-layer velocities divided by the 
square root of the number of layers. Therefore, as the thickness is increased decreases at 
the same rate and thus the attenuation is independent of the thickness of the sample. At high 
frequencies, the attenuation reaches a plateau due to the discreteness and the rectangular 
shape of the grains. In essence, the phases of sound rays through different layers of grains 
become completely randomized at some frequency, and a further increase in frequency has 
no additional e^ect. In real samples, a plateau would not be reached and thus, that 
characteristic of predicted attenuation curves is assumed to be nonphysical. The plateau can 
be seen in the inset of Fig. 10, where the variation of velocities was ±l%Vo so that the 
plateau is reached at lower firequencies for convenience of performing calculations and 
plotting. Altering the transducer size simply alters the number of grains in each layer (N) 
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that the beam interacts with at a given location. Margetan et al. [4] have shown the value of 
this plateau is given by the following equation. 
Thus, the beam size and thickness of the sample only influence the height of the non-
physical plateau. Although the ray model describes the physics which cause phase 
aberrations, it predicts an extremely small magnitude of the attenuation. Despite the 
agreement in anisotropy of attenuation, it is difficult to generalize this ray model to duplex 
microstructures and it does not include the effects of texture or diffraction. 
Quantitative Theorv Formulation 
This section will be presented in two parts to show the effects of metallurgical 
structure on attenuation. First the effects of macrograins will be considered ignoring the 
discreteness of the colonies. Then macrograins with the effects of colonies included will be 
considered. The affects due to single grains are neglected at this time. 
Single Phased Ellipsoidal Grains 
The attenuation for L-waves is calculated by solving the wave equation in the form of 
a generalized Christoffel equation, after Ahmed and Thompson [13] 
cc , plateau 
0.57722 +In 
i 
(10) 
(11) 
where the Christoffel tensor is a frequency dependent quantity given by 
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where C° ju is the average elastic stiffness tensor of the untextured medium (Voigt average), 
£5Cj,(r) = 4,(r)-Cj„ is the perturbation from the average value, due to crystallite 
anisotropy of the elastic stiffness in a particular member of the ensemble fi-om the average 
value, (•••) denotes an ensemble average, G^{r) is a Green's tensor, which describes the 
response of the material to longitudinal and transverse waves [24]. This equation is written 
using the implicit summation notation, where sunfis are taken over repeated indices, and 
where the, P5 indicate derivatives of the term in brackets. Here (SC^ju^r)^ is the one point 
correlation of the elastic moduli and (5Cjj^{r)5C^{r')^ is the two point correlation of elastic 
moduli. If the medium is untextured, (SC^juir)^ is equal to zero. 
Thus, the texture firee case of the Christoffel tensor is given by 
=|c;.+e'£ i [c„(f)£ {[(«C,^(r)5C^(rO)e«'}^}Jiup (13) 
Here the two point correlation of elastic moduli is given by the following equation 
(<5C„^(r)5C^(r')) = Ar««''"('-). (14) 
where, the average shape of the ellipsoidal grains is described by the following equation. 
.JrlfTTYTTv 
P"{r)=e ^ , (15) 
which is the probability that two points fall in the same macrograin, where EM, BM> and CM are 
the semi-axes in the x, y, and z directions as shown in Fig. 3b, and the amplitude is given by 
the following equation assuming that the orientations of the macrograins are independent. 
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A^^={»:^(<l>.e.y>)sc^(^,e.iif)) (i6) 
The ensemble average is defined as an average over all Euler angles 
(0,0,^^)assuming that all angles are equally probable, and is given by equation (17). 
Results for cubic materials agree with those presented in equation (100) of Stanke and Kino 
[10]. 
Duplex Microstmctures with Ellipsoidal Macrograins and Colonies 
The existence of colonies alters the formulation in the following manner. The two 
point correlation functions are now given by the following equation [18] 
{SC„(r)SC^(r-)} = yC>^P"{r) + A;^P''(r)P^(r). (18) 
Here the superscripts (M) and (C) refer to macrograin and colony terms where the second 
term represents the colonies. It is important to note that the colony term is a function of both 
the macrograin and the colony shape. However, since the dimensional scale of the 
macrograins is much greater, this term is primarily controlled by the colony shape. The 
probability that two points fall in the same colony is given by equation (19), where ac, be, 
and cc are the semi-axes of the colony in the x, y, and z directions as shown in Fig. 5. 
(19) 
For the duplex microstmctures that occur in titanium alloys, the amplitudes of the 
macrograin and colony terms in the two point correlation are given by equation (20) and 
equation (21) respectively [18]: 
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P*Q 
= — {N-li5C:,^5C'J)-^{SC:,^SC%) 
(20) 
(21) 
P*Q 
where P and Q are colony indices. The first term treats the case when r and r' are in an 
elastically equivalent variant. The second term treats the case when two points are in 
elastically distinct variants. The quantity (SC^^SC^^ is an ensemble average of the product 
of the indicated variant elastic moduli, averaged over all macrograin orientations. This 
would go to zero for large values of |r-r'| if the colonies had random orientations. However, 
if only N elastically distinct variants are allowed the ensemble averages are finite and the two 
point correlation has a limiting value of (N-1) ', for our case N=6. For longitudinal waves 
propagating in the 3 direction, (i = 3 and j = 3, k = 3,1 = 3), the results using a symbolic 
manipulation routine in MATHEMATICA, considering only the two point correlation of the 
a = 3, P = 3, Y = 3, 5 = 3 term as an example, are as follows:[18] 
(5C3^333<5C3^333) = ^(0.975C,] -0.650C„C,3 +0.244Cf3 -1.300C„C33 
+0.163C,3C33 + 0.569C3'3 " 1.300C„C^ + 0.975C,jC^ (22) 
+0.325C33C« +0.975Ci,) 
Here the Cu are the single crystal elastic constants of the alpha phase in matrix notation. 
When P Q, there are two cases, depending on whether the parent {110}p planes are 
orthogonal. One finds for orthogonal {110} p planes, 
= j(-0.447C^ +0.163C„C,3 +0.041C,'3 +0.731C,.C33 
-0.244C,3C33 -0.244Q-3 +0325C;,C4^ +0.163C,3C44 (23) 
-0.487C33Qi+0.163C^) 
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and for non orthogonal {110}p planes, 
(<5^3^333^333) = -(-0130C,-, +0.112C,iC,3 -O.O6IC1-3 +0J47C„C33 
8 
+0.010C,3C33-O.Q19C;^ +0223C„C« -0243C,3Q, (24) 
+0.020C33C^ - 0.244Ci ) 
Each variant (P) has one orthogonal and four nonorthogonal pairs (Q). 
The texture free Christoffel tensor given by equation (13) was then calculated by 
sununing the indices, a,P,Y,5, from 1 to 6 and performing the appropriate differentiation. 
The three dimensional integral in equation (13) is most easily performed using spherical 
coordinates and performing the radial integral first, by parts, analytically. The remaining 
integrals over the angles 0 and <(> were performed numerically, using an IMSL double 
integration routine, during the minimization of the wave equation, given by equation (11), 
using a multivariate IMSL minimization routine to solve for the real and imaginary parts of 
the propagation vector k(f), where k(f) = -i a ( f ) .  Attenuation was thus determined for a 
given frequency, material, macrograin and colony semi-axes, and propagation direction. 
Quantitative Theorv Results 
Macroerains Ignoring the Discreteness of Colonies 
Equiaxed Macrograins Ignoring the Discreteness of Colonies 
Plotted in Fig. 11 is attenuation as a function of macrograin size, at 5, 10, and 15 
MHz, for propagation in a sample of Ti-6A1-4V consisting of equiaxed macrograins. At a 
fixed frequency attenuation increases to a local maximum as the grain size increases. The 
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attenuation then dips slightly and then continues to increase. Eventually, for very large grain 
sizes, the attenuation will reach a maximum and then decrease again as the material structure 
approaches that of a single crystal. The global maximum will be reached at a grain size of 
. With the macrograin elastic constants from 
Table I this yields a grain size of approximately 8 cm Since this is well beyond what is 
physically likely to occur, attenuation up to this value is not plotted. The reader is referred to 
Stanke and Kino [10] for these details. 
The physical interpretation for the increase of attenuation for small grain sizes is that 
backscattering and thus attenuation increases because the material becomes less like a 
continuum as the grain size increases. 
This interpretation was formed by considering the backscattering coefficient vs grain 
size presented by Han and Thompson [18], which peaks at == . The backscattering 
2k 
peak occurs at approximately the same grain size as the attenuation peaks in Fig. 11, 
indicating that the backscattering contribution to attenuation is at a maximum. In general, the 
attenuation is a function of both backscattering and scattering in other directions, including 
the multiple forward scattering which produces phase aberrations. 
Ellipsoidal Macroerains Ignoring the Discreteness of Colonies 
The attenuation calculated for ellipsoidal macrograins, ignoring the effects of 
colonies is plotted in Fig. 12. Macrograin dimensions were determined by examining the 
micrographs. An anisotropy is observed in which propagation parallel to the longest 
~ —, where e = 
" ek 525 
Ql Q2 
C° 
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direction produces the highest attenuation and propagation parallel to the smallest dimension 
produces the lowest attenuation. This anisotropy relationship is consistent with the 
expectations based on the physical picture described in a previous section and data presented 
in reference 5. It is significant that the predicted attenuation is very small, which is likely 
due to the small anisotropy of the elastic constants of the macrograin (see Table I). We can 
thus conclude that the general attenuation theory contains contributions from both 
backscattering and phase aberrations. 
Macrograins Considering the Discreteness of Colonies 
Spherical Macroerains Spherical Colonies 
The effects of introducing the colonies within the macrograins are show Hg. 13. 
Here the macrograin size is fixed and the colonies cause attenuation to deviate from 
attenuation determined for macrograins only. This deviation becomes more and more 
significant as the wavelength approaches the colony size, and hence scattering from the 
colonies becomes more important at lower frequencies as the colony size increases. The 
crossover behavior shown in Fig. 13a for colonies with diameters of 100 and 500 um can be 
associated with the peaks seen in Fig. 11 of attenuation vs grain size for 10 MHz and 15 
MHz. These peaks occur in a region where backscattering is large as was previously stated 
in the text accompanying Fig. 11. The effects of colonies at higher frequencies are shown are 
shown in Fig. I3b. The rate of the rise of attenuation with frequency increases as the colony 
size increases. This behavior can understood by considering Fig. 11 for macrograins only 
where attenuation increased as macrograin size increased at large grain sizes. This high 
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frequency behavior differs from that shown for backscattering where at high frequency the 
backscattering reaches a plateau. 
Ellipsoidal Macrograins and Equiaxed Colonies 
The effects of equiaxed colonies on attenuation for ellipsoidal macrograins is shown 
in Fig. 14 where attenuation vs frequency is plotted for propagation parallel to the three 
principal directions. It is seen that the magnitude of attenuation increased dramatically 
relative to the macrograin only case shown in Fig. 12, indicating that scattering from colonies 
is strong in this frequency region. 
Ellipsoidal Macrograins and Ellipsoidal Colonies 
For the more general case of ellipsoidal macrograins and ellipsoidal colonies shown 
in Fig. 15 it is seen that the magnitude of the attenuation remained approximately the same as 
compared to the attenuation in ellipsoidal macrograins and equiaxed colonies. With a slight 
increase in the anisotropy. 
Conclusions and Future Work 
There are several conclusions that can be drawn from the results presented here. The 
anisotropy of the attenuation predicted from the heuristic ray model agrees with the 
expectations of the physical picture and thus it is believed that the model encompasses the 
essence of the physics that cause phase aberrations. The anisotropy of the attenuation 
calculated from the general theory also agrees with what is expected physically, indicating 
that the general theory contains contributions from phase aberrations. In addition, the 
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general attenuation theory contains contributions from backscattering and the peak in the 
attenuation vs grain size observed for low grain size occurs in the same region as the peak 
when backscattering only. 
Future work should include the addition of arbitrary texture into the attenuation 
theory. In addition, it is desirable to calculate attenuation from the backscattering terms and 
determine how the backscattering terms interact with the other scattering terms in the theory. 
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Radial-
Figure 1 Macrostructure (a) intermediate magniHcation (b) and microstructure (c) of Ti-6A1-
4V sample cut from billet 
'M 
Figure 2 Rectangular parallelepiped for heuristic ray model representing a macrograin with 
dimensions avi, bvi, and CM-
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Figure 3 Macrograins used in general theory ignoring scattering from colonies a) equiaxed 
and b) ellipsoidal. 
Hoop 
Macrograin 
Colony 
Figure 4 Equiaxed macrograins with equiaxed colonies with diameters of aM and ac 
respectively. 
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Figure 5 Ellipsoidal macrograins with semi axes aM> bvt, and cm, filled with equiaxed 
colonies with a diameter of ac-
Figure 6 Ellipsoidal macrograins with semi axes aM> bM, and CM, filled with ellipsoidal 
colonies with semi axes ac, be, and cc. 
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Figure 7 Physical picture for backscattered grain noise and attenuation (a) and for phase 
aberrations (b) 
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BSL *3 
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d = b-a 
Figure 8 One dimensional configuration for theoretical treatment, the macrograin is 
region"2" 
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BSl 
Nd 0 t Transducer 
Figure 9 Illustration of the three dimensional sample filled with macrograins. 
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Figure 10 Attenuation vs. firequency predicted from ray model. 
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Table I Elastic Constants of Ti-6A1-4V (GPa) 
Component 11 12 13 33 44 66 
Slngl^Crystaf 154.24~ 86^76 ¥3.^ ~174.45 44.30 33.74 
Macrograin 156.94 73.35 73.35 156.94 42.80 42.80 
Voigt Average 157.74 72.95 72.95 157.74 42.40 42.40 
0.003 
15 MHz 
c/a 
10 MHz a. 
a 0.001 
5 MHz 
0.000 
0 500 1500 2000 1000 
GrainSize (2aM) (M-m) 
Figure 11 Attenuation vs. macrograin size. 
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Figure 12 Attenuation vs. frequency predicted from general theory. 
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Figure 13 Attenuation vs. frequency for equiaxed duplex microstructures 
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Figure 14 Attenuation vs. frequency for ellipsoidal macrograins and equiaxed colonies. 
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BACKSCATTERED GRAIN NOISE AND ATTENUATION EST DUPLEX TI-6AL-4V: 
EXPERIMENTAL AND THEORETICAL COMPARISONS 
A paper to be submitted to The Metallurgical Transaction 
P. D. Panetta, F. J. Margetan, R. B. Thompson, and F. Laabs 
Introduction 
The purpose of this paper is to present comparisons between experimental and 
theoretical determinations of ultrasonic backscattered grain noise and attenuation in aircraft 
engine titanium alloys with the goal being to validate the theories for the two quantities. 
These theories are important for two reasons. First, they are needed to predict attenuation 
and backscattered grain noise, quantities which affect flaw detection during nondestructive 
evaluation (NDE) setup. Second, measurements of backscattered grain noise and attenuation 
can serve as accurate materials characterization tools, and theory is needed to interpret this 
data. The backscattered grain noise theory to which our data will be compared was derived 
by Han and Thompson [1] and the attenuation theory was derived by Panetta and Thompson 
[2]. Only a brief outline of each will be presented here and references will be given for the 
details. Conmion to both theories is the idea that the scattering producing both the 
backscattered grain noise and the attenuation is controlled by the two point correlation of 
elastic moduli. This defines the dimension scale of the inhomogeneities in elastic moduli, 
which in turn controls the scattering that contributes to backscattering and attenuation. 
The experimental measurements were performed on specimens of Ti-6A1-4V which 
contained highly elongated macrograins generally, ellipsoidal in shape with dimensions up to 
several millimeters. This alloy is commonly used in the rotating components of aircraft 
I l l  
engines. From a technological perspective, it is particularly important to understand the 
backscattered grain noise and attenuation in these materials because they affect the detection 
of flaws. Performing such detection is crucial, due to the impact of catastrophic failure mid-
flight from an undetected flaw. Backscattered grain noise can mask small flaws and 
attenuation can cause the flaw signal to decrease and potentially remain undetected. 
Furthermore, in this alloy we have observed that the amplitude of nominally identical flaw 
signals can be modulated and propagation direction of the signals can be altered, thus fiirther 
diminishing ones ability to detect flaws. This system is also of considerable interest from a 
fundamental perspective, since understanding of the interactions of ultrasonic waves with 
duplex microstructures is a necessary step in developing techniques to characterize those 
microstructures. 
In this paper we will first discuss the microstructure of the sample studied and then 
present typical experimental data of backscattered grain noise and attenuation that we wish to 
theoretically describe. Included will be a brief review of our understanding of the physical 
origin of these results. The theoretical methodology for predicting backscattered grain noise 
and attenuation will then be summarized followed by numerical results and comparisons 
between experimentally and theoretically determined backscattered grain noise and 
attenuation. The paper will conclude with general conclusions and a discussion of future 
work. 
Sample Microstructure and Macrostructure 
Noise and attenuation measurements were performed on a sample of Ti-6AI-4V 
whose macrostructure and microstructure are shown in Fig. 1. The designations axial, radial 
112 
and hoop refer to directions in the billet from which the sample was taken. The 
microstructure shown in Fig. la appears to be isotropic. However, the raacrostructure in Fig. 
Ic is very anisotropic with highly elongated macrograins in the axial direction. A secondary 
elongation is seen in the hoop direction, which can most easily be seen when viewing the top 
(axial) face of the cube in Fig. Ic. These elongated grains were formed as the billet was 
heavily deformed at elevated temperatures where the material was in the body centered 
cubic, beta phase. Upon cooling, the beta grains transformed via a martensitic reaction and 
formed colonies of single grains with a hexagonal crystal structure. The nature of the 
martensitic reaction caused the orientations of the colonies of single grains to have a specific 
relationship to the orientation of the prior beta grains as will be detailed in a subsequent 
section. For modeling purposes, the single grains are ignored and the duplex structure 
consisting of macrograins and colonies will be modeled on average as ellipsoids with 
different major axis as shown in Fig. 2 [2]. 
Experimental Data 
The titanium alloy used in this study exhibits a high degree of anisotropy in the ultrasonic 
backscattering coefficient ir{) and attenuation (a). Results for the backscattering coefficient 
and attenuation vs. frequency are plotted in Fig 3a and b respectively, for the three 
orthogonal propagation directions, coincident with the principal directions in billet 
coordinate system (axial, radial, and hoop). 
Notable is the anisotropic nature of the noise, where radial and hoop propagation produce 
the highest noise and axial propagation the lowest noise. This anisotropy in noise can be 
understood physically by considering that the macrograins are primarily elongated in the 
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axial direction, with a secondary elongation in the hoop direction. Hence ultrasonic 
propagation perpendicular to the elongation (radial direction) produced the largest 
backscattering coefficient due to a large macrograin cross section presented to the beam. 
Propagation parallel to the elongated macrograins (axial) produced the smallest 
backscattering coefficient due to the smaller macrograin cross section with hoop propagation 
producing intermediate values. This noise anisotropy is qualitatively consistent with the 
theory for backscattered grain noise in duplex microstructures developed by Han and 
Thompson [1] and ideas presented by Goebbels [3]. 
The P/E attenuation of the same sample exhibited a similarly strong anisotropy, as 
revealed by the plot of attenuation as a function of frequency shown in Fig. 3b. However, the 
propagation directions producing high noise exhibited low attenuation and propagation 
directions producing low noise, exhibited high attenuation. This relationship between the 
anisotropy of backscattering and attenuation has been observed previously for many titanium 
alloy samples [4]. These results suggest that noise and attenuation are intimately related, 
implying that the two properties are governed by related scattering phenomena. However, the 
details are counter intuitive to current understanding of attenuation. Namely, as the 
backscattered grain noise increases one might expect attenuation to also increase due to an 
increased amount of energy being scattered out of the beam [3]. However, results on these 
samples show the opposite behavior. The reason for this inconsistency is believed to be due 
the phase aberrations that develop as the ultrasonic beam propagates through a material with 
grains large relative to the wavelength. The longer the grain in the direction of propagation 
the greater the extent of the phase aberrations which develop. 
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Theoretical Methodology 
In this section, an outline of the methods used to theoretically calculated the 
backscattered grain noise will be presented followed by an outline of the methods and 
equations used to theoretically calculate attenuation. 
Backscattered Grain Noise 
Backscattered grain noise as a function of frequency is given by the following 
equation [1] 
Here, TI is the backscattering coefficient, k is the wave vector, p is the density, and Vi 
is the longitudinal wave velocity. The equation is written with reduced subscript notation. 
The basic idea is that the backscattered grain noise is caused by local variations of elastic 
moduli caused by point to point variations of the orientation of the individual crystallites and 
a statistical quantity that quantifies the probability that the elastic moduli, at two points 
separated by a specified distance (r-r'), have similar values. It is thus a measure of the 
dimensional scale of the inhomogeneity of the elastic moduli. SCu{r)SC^{r') is the product 
of the difference between the change in the elastic moduli at r from its Voigt averaged value 
(Cu), and the elastic moduli at point r' and the Voigt averaged CKL. The (• • •) denotes an 
ensemble average. 
The two point correlation of elastic constants for duplex microstructures was modeled 
by Han and Thompson to have the form [1] 
(1) 
the anisotropy of the elastic moduli. The two point correlation function, (5C„(r)6Cj^(r')), is 
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{5C,Ar)SC^{r')) = A,^^/>^(r) +A,^^P^(r)P^(r), (2) 
Here, the average shape of the ellipsoidal grains is described by the following equation. 
which is the probability that two points fall in the same macrograin. The probability that two 
points fall in the same colony is given by the following equation. 
In order to calculate the backscattering coefficient for longitudinal waves propagation 
in the three directions, the 12 quantities that must be known are A^,,, A,,,, for I = 1,2,3, the 
macrograin dimensions ( aM. bM. CM), and the colony dimensions (ac. be, cc). These quantities 
describe the contributions of the microstructure of the material to the backscattering. For 
simplicity of notation, the subscripts "llil" will be fiirther reduced to 'H" so that A^, will be 
given by A" , and Af,„ will be given by Af,. 
We employ two methods to determine these twelve parameters. In the first method 
we determine grain size by examining micrographs, such as those in Fig. 1 to determine the 6 
dimensions of the macrograins and colonies. The amplitudes of the two point correlation 
function were calculated using the theory of Han and Thompson. As mentioned in a previous 
section, there is a specific relationship between the orientations of the macrograins and the 
colonies. Specifically, the closest packed directions in the closest packed planes of both 
phases line up parallel to each other. There are twelve unique crystallographic configurations 
that satisfy the above requirement for the BCC to HCP transformation in titanium, six of 
which are elastically distinct. Han and Thon^son assumed that each of the six combinations 
(3) 
(4) 
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occurred with equal probability. Due to this assumption, =A^= and A!^ = 
The resultant amplitudes are given by the equations below. 
A f f  = 0.00021C,-, -0.00085C„C,3 +0.00085Cf3 + 0.00042Q.Cjj 
-O.OOO85C13C33 +0.0002lCi3 -0.00169C„C44 +0.00339q,Cj^ (5) 
-0.00169C33C^ +0.00339C^ 
A,^ = 0.122c,-, -0.0804C„C,3 +0.0296C,-3 -0J63C„C33 
•K).0212C,3C33 +0.0709C;3 -0.161C„C« +0.119C,3Cil (6) 
-K).0423C33C^ +0J19Ci, 
Results from this method will be presented in a subsequent section. 
In the second method used to determine the twelve parameters, the two point 
correlation of elastic moduli was directly measured. To determine the two point correlation 
on a microscopic level, analysis was conducted using a new measurement technique termed 
Orientation Imaging Microscopy (OEM) [5]. To obtain a measurement of the local 
orientation as a function of position, this technique analyzes the Kikuchi patterns generated 
by the backscattered electrons of the electron beam of a Scanning Electron Microscope 
(SEM) as the electrons diffract from the lattice. Because of the inherently small size of the 
SEM beam (-nm), OIM allows the determination of orientation information with a fine 
resolution on small areas in the microstructure. One output of the software is the three Euler 
angles defining crystallite orientation as a function of position. Given these Euler angles, 
elastic constants as a function of position were calculated by performing tensor rotations of 
the single crystal elastic constants of Ti-6A1-4V [1] by the Euler angles determined by the 
OIM technique. 
The calculation of backscattering coefficient requires a three dimensional knowledge 
of the two point correlation. Therefore, three section were removed from the sample on 
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orthogonal faces and prepared for OIM analysis using standard noetallurgical procedures. An 
OIM scan was performed on each section to allow the elastic constants to be mapped out 
across the scan region. The maps of elastic constants are shown in Fig. 4 - 6 for the hoop, 
axial, and radial faces respectively. Also, included in these figures is the tiled inverse pole 
figure calculated by the OIM software. Visible in the maps are colonies of single grains with 
common elastic constants, most evident in maps taken on the hoop face (Fig. 4). The 
secondary elongation seen in the hoop direction in the micrographs in Fig. 1 is visible in the 
maps of the axial face shown in Fig. 6. Further details of these results will be presented in 
the next section. 
The two point correlation of elastic constants was calculated in two orthogonal 
direction on each face of the sample. The results from such calculations are shown in Fig. 7, 
for Cu, C22, and C33 for the axial, radial, and hoop directions. The two point correlation 
curves typically have three distinct regions. Consider Fig 7b where the two point correlation 
in the axial direction on the hoop face is plotted. There is a steep decrease at low distance 
due to the single grains, then the curve decreases with a different slope in the 10 um to 250 
um range which is likely associated with colonies, followed by a third region that is flatter 
for distances greater than 250 um caused by the macrograins. It is important to note that 
these three distinct regions are not visible in all figures because there is a large variability 
from face to face and direction to direction which is likely caused by the limited size scan 
region (400 ^m x 4(X) fim). However, it is evident that there is long range order in the axial 
direction as can be seen by the long plateau in Fig. 7b, e and h for the two point correlation 
calculated in the axial direction. 
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The twelve parameters needed to calculate the backscattering coefficient were 
determined by performing a least squares fit of a double exponential to the six, two point 
correlation curves in the hoop direction shown in Fig. 7a, d, and g, and minimizing the 
following equation. 
For this particular methodology, we consider only 8 parameters, 3 of which are dependant on 
others through the constraint A„ = A" + Af, where Au is the average of the amplitudes of the 
two point correlation of Cu at the lower bound cutoff chosen to minimize the contribution 
from single grains. The minimization was performed for distances greater than the lower 
cutoff with (AP as adjustable parameters. 
A similar equation was used with and replaced by and bf-, and fit to the six, 
two point correlation curves determined in the axial direction plotted in Fig. 7 b, e, and h 
with [A!^i,A^,A^^,b^,b(.) as adjustable parameters. This process was repeated for the two 
point curves in Fig. 7 d, f, and i with ^ adjustable parameters. After 
completion of this procedure, the dimensional parameters were passed on the next step and 
the values of the A^H were used as starting points for the amplitudes in the next step. 
After determination of these five parameters, the amplitudes of the two point 
correlation ftinctions A," A'l determined, without constraint, by fitting a double 
exponential given by equation (8) with I =1, to the two point correlation curves for Cu in 
I' ^22 ' A53 ' ) 
TwoPtData{Xi) 
(7) 
/=! 
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Fig. 7a, b, and c with and A,'; as adjustable parameters and the grain sizes fixed with 
values determined firom the previous fitting procedure. 
Next and were determined by fitting an equation similar to equation (8), with 
I = 2 to the two point correlation curves for C22 in Fig. 7 d, e, and f with A" and A/j as 
adjustable parameters. The amplitudes A3" and A^ were determined in a similar manner, 
with 1 = 3, using the two point correlation curves for C33 in Fig. 7 g, h, and i. After 
determination of the amplitudes A" and Afj, the process was iterated by repeating the first 
step with five adjustable parameters for the axial, hoop, and radial directions using equation 
(7). The exponents were then input into equation (8) and the second step with two adjustable 
parameters was repeated. This process was iterated several time using the amplitudes of the 
previous step as starting points for the subsequent step, to aid in convergence of the fitting 
parameters. This procedure yielded average parameters which did not represent the 
characteristics of any single two point correlation curve, but rather the combined properties 
of all curves (see Fig. 7). Results of this fitting will be presented in the next section. 
Parameter Values Obtained 
The twelve parameters determined from these two methods are shown in Table I 
Evidence that there is texture present can be seen by comparing values of A" and Afi 
determined from the OIM fitting procedure and theoretically. A" determined from the OIM 
/ i t )  i i )  *( j) "liPfeRiT 
- TwoPtData{Xi > ' 
(8) 
V / 
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is seen to be greater than theoretical calculations of Aj^and Af, is less than the theoretical 
values. These deviations can be explained because the theoretical anisotropy is very small 
for the macrograins under the assumption of equal probability of variants [1]. Any 
deviations from randomness will increase the anisotropy and thus increase . Furthermore, 
a completely random sample will have the largest orientation miss match between colonies 
and thus the largest Af,. Any preferred orientation will decrease this orientation mismatch 
and thus the scattering strength which is indicated by Af,. Calculations of the backscattering 
coefficient from these data will be reported in a subsequent section. 
The grain sizes determined from the fitting technique do not accurately represent the 
macrograins and colonies observed in the micrographs. Specifically, the results from the 
fitting technique reverses the secondary elongation of the macrograins and colonies. This is 
likely due to the small scan region used to determine the two point correlation of elastic 
moduli, so it is believed these grain sizes are not representative of the macrostructure and 
microstructure of the sample and will not be used when calculating the backscattering 
coefficient. However, during fitting, the values for the amplitudes converged quickly. Thus 
we believe that they accurately represent the small region of material being examined. 
Texture 
Evidence of texture by can be seen in Table II where we have tabulated the 
longitudinal wave velocity for hoop, axial, and radial propagation. Also, included in Table II 
are the single crystal elastic constants where it is seen that C33 is larger than Cn and Cn-
Therefore the fact that the velocity for hoop and axial propagation is larger than for radial 
propagation indicates that the c-axis of the single crystals tends to align with the hoop and 
121 
axial directions. Also included in Table H are the average elastic constants determined from 
the OIM maps for the hoop, axial, and radial faces. For the coordinate system chosen to 
calculate elastic constant, the (1) direction points in the hoop direction, the (2) direction 
points in the axial direction, and the (3) direction points in the radial direction. Texture will 
cause these values to be different and the orientation of the c-axis of the single crystal will be 
coincident with the direction that corresponds with the largest average elastic constant. For 
example, the average of Cu on all faces, <Cii >avg, is equal to 158.3 GPa, <€22 >avg = 157.7 
GPa, and <€33 >avg = 157.3 GPa, indicating that the c-axis tends to align with the hoop and 
axial direction of the billet, in agreement with the velocity measurements. The general trend 
that the c-axis tends to align with the hoop direction and the billet axis can also been seen in 
the 0001 pole figures shown in Fig. 8 for the hoop, axial, and radial faces. Local variations 
of the texture can be seen in the elastic constant maps, the averages of the elastic constants 
for each map, and the tiled inverse pole figures shown in Figs. 4-6. Bands of high elastic 
constants are seen in the maps that correspond with regions in the tiled inverse pole figures 
that have a large component of the [0001]. These texture results support the supposition that 
the amplitude of the two point correlation functions determined from the OIM measurements 
differ from the theoretical values due to the presence of texture. 
Attenuation 
Calculations were performed for propagation parallel to each of the three semi-axes. 
The attenuation is calculated for L-waves by solving the wave equation in the form of a 
generalized Christoffel equation after Panetta and Thompson[2] 
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k 
W. = 0 (9) 
where the texture free Christoffel tensor is a frequency dependent quantity given by 
k^k, (10) 
Here Cyu is the average elastic stifftiess tensor of the untextured medium (Voigt average), 
G^(J) is a Green's function, and (5C^yc^(r)6C^(r')^ is the geometrical two point correlation 
function which mathematically accounts for the ellipsoidal grains, assumed to have the form 
given in equation (2). 
We calculated the attenuation for L-waves propagating parallel to each billet direction 
by solving equation (10) numerically for the propagation constant, k = knai - Ict(f), using 
IMSL minimization and integration routines. Attenuation is thus determined for a given 
frequency, material, macrograin dimensions, colony dimensions, and propagation direction. 
Comparison Between Experimental and Theoretical Measurements 
The backscattering coefficient calculated from equation (1) using grain sizes 
determined from the micrographs and theoretical calculation of A" and from equation 
(5) and (6) are plotted in Fig. 9 for radial, hoop and axial propagation. It is significant that 
the anisotropy is correctly predicted with radial propagation producing the largest 
backscattering and axial propagation producing the lowest backscattering, with hoop 
propagation producing intermediate values. The numerical agreement between the 
theoretically and experimentally determined backscattering coefficient is very good for axial 
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and hoop propagation. The agreement with radial propagation is not as good and may be due 
to the neglect texture in the theory. 
To help account for the texture the backscattering coefficient was calculated with the 
grain sizes determined from the micrographs, as was the case for the above calculation, but 
with the amplitudes determined from the OIM fitting procedure, since they are seen to be 
affected by texture. The results are plotted in Fig. 10. Agreement is seen to be very good for 
all three propagation directions. This level of agreement is indicative that the theory indeed 
includes the effects of scattering from macrograins and colonies and that better numerical 
agreement can be achieved if texture effects are included in the theory. These results also 
indicate that the two point correlation of elastic moduli controls backscattered grain noise. 
Comparisons between experimental and theoretical values of attenuation are shown in 
Fig. 11 using macrograin and colony dimensions determine from micrographs and the 
amplitudes from the theory. The absolute magnitude of the attenuation is seen to be in good 
agreement between the theory and experiment. It is significant that the anisotropy order is 
correctly predicted. However, it is important to note that the magnitude of the anisotropy of 
the theory is much smaller than for the experimental data. There are several reasons that may 
cause this small anisotropy. One explanation may be that the small anisotropy of the 
theoretical attenuation is a result of the assumption that all variants are equally probable 
(texture free). In fact, the backscattering coefficient for radial propagation was overestimated 
when calculations were performed using the texture free theoretical amplitudes. 
An alternative heuristic explanation is that there are two major contributions to 
attenuation, backscattering and phase aberrations, and the attenuation theory does not 
correctly predict the relative strength of these contributions either due to an inadequacy of the 
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approximations or because of the lack of texture in the theoretical formulation as was stated 
above. 
However, the attenuation theory is based on the same two point correlation function 
that is used in the backscattering theory. It is thus expected that the backscattering 
contribution to the attenuation is correctly predicted, since there is good agreement between 
experimental and theoretical determination of the backscattering coefficient. 
The phase aberrations contribution may not be correctly accounted for, since these 
interactions, which results from multiple scattering, are described by the 2°'' order Keller 
approximation [6,7]. If an inadequate number of terms in the approximation are not 
included, then the strength of this interaction would likely be underestimated. 
The interplay and relative strength of backscattering and phase aberrations have been 
seen to affect experimental measurements of attenuation and the backscattering coefficient in 
other materials including aluminum. Guo et al. presented results showing attenuation to be 
isotropic and the backscattering coefficient to be anisotropic [8]. 
Conclusions 
Agreement between theoretical and experimental backscattering coefficient were seen 
to be very good when the effects from texture were included in the calculation, with the 
absolute magnitude correctly predicted along with the correct anisotropy order and spread. 
Results for comparisons of theoretical attenuation with experimental did not produce the 
same level of agreement. However, the magnitude and anisotropy order were correctly 
predicted with the spread in anisotropy underestimated. It is likely that the relative strength 
of the backscattering contribution and the phase aberrations contribution to attenuation are 
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not correctly predicted by the theory. The results are not clear at this time and ftuther studies 
are needed to clarify the disagreement in the attenuation. However, the results do support the 
supposition that the two point correlation of elastic moduli does control the backscattering 
coefficient and attenuation. 
Future work should include scanning larger regions with the OIM and considering 
more samples to test the robustness of the theories. In addition, it is desirable to include 
texture in both the backscattering and the attenuation theories. To help sort out the 
complexities of the backscattering contribution to attenuation, it is also desirable to predict 
attenuation from the backscattering terms only. 
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Axial 
Radial 
Figure 1 Ti-6A1-4V (a) microstructure, (b) intermediate magnification, and (c) 
macrostructure. 
Figure 2 Ellipsoidal macrograins and colonies with semi-axes aM, bM, and cm and ac, be, and 
Co respectively 
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Figure 6 OIM output (a) elastic moduli maps and (b) tiled inverse pole figures for the axial face. 
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Figure 7 Two point correlation functions and fitting results. 
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Table I Two Point Correlation Parameters 
OIM (micrometers) (100 GPa)^  
Hoop Axial Radial Am Ac 
Macroqrain 200 6250 297.1 C11 0.732 20.038 
Colony 25.8 184.9 36.3 C22 2.32 11.099 
C33 0.264 7.177 
Micrographs 
Hoop Axial Radial C11 0.12 28.22 
Macroqrain 750 6250 200 C22 0.12 28.22 
Colony 150 300 50 C33 0.12 28.22 
Table II Texture Results 
Velocity(cni/H5) H 
Hoop 0.6245 11 
Axial 0.6216 22 
Radial 0.6196 33 
<C(i>avg Single Crystal FHastic Constants rOPa> 
) 
158.3 
(GPa  c„ = 154.25 
0,2 = 86.76 
157.7 C,3 = 63.62 
C33 = 174.45 
C„ = 44.3 
C66 = 33.74 
157.3 
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Radial 
Axial 
Figure 8 The (0001) pole figures for the axial, radial, and hoop faces. 
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GENERAL CONCXUSIONS 
The experimental data presented in the first paper showed a strong correlation 
between the shape of the macrograins and the anisotropy of the attenuation and backscattered 
grain noise. We demonstrated that the variation in amplitude of strong and weak backsurface 
echoes in Ti-17 is not due to energy loss from the beam as it traverses the sample, but rather 
to phase aberrations caused by fluctuations in the sound velocities between neighboring 
macrograins which distort the wave front as the beam propagates. Furthermore, attenuation 
deduced from the through transmission data was independent of propagation direction (axial, 
radial, or hoop), for Ti-17, indicating that the anisotropy seen in the pulse echo measurement 
was due to varying degrees of phase aberrations. Several effects due to measurement 
parameters were also presented which serve to stimulate discussion about these ideas. A 
physical picture was presented which encompasses the backscattering and attenuation due to 
phase aberrations. 
The heuristic ray model developed in the second paper predicted an attenuation with 
the same anisotropy relationship as was proposed in the physical picture for scattering and 
phase aberrations in the first paper. Namely, the longer the grain in the direction of 
propagation, the higher the attenuation will be. Thus, we presented quantitative results which 
support the idea that it is likely that there is a contribution to attenuation that is due to phase 
aberrations. Results from numerical predictions using the general theory for attenuation 
showed that the attenuation theory contains a contribution from backscattering that peaks at 
grain sizes near the size of the wavelength. In addition, numerical predictions for 
propagation through microstructures with ellipsoidal macrograins and colonies exhibited the 
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same anisotropy relationship proposed by the physical picture and supported by results from 
the heuristic ray model. The author believes that this theory represents the first effort to 
describe the phase aberrations contributions to attenuation in duplex microstructures that is 
valid for all frequencies. 
Experimental validation of the general attenuation theory and the backscattered grain 
noise theory presented by Han and Thompson was reported in the third paper. Using OIM 
measurements to directly determine the two point correlation of elastic constant perturbations 
we successfully predicted the observed noise anisotropy. Furthermore, it was observed that 
when the effect of texture of the two point correlation were included, the agreement between 
experiment and theory was extremely good. 
The numerical predictions of attenuation showed the same anisotropy as the 
experimental data but the degree of anisotropy was not correctly predicted- However, based 
on experience gained with the comparisons of theory and experiment for backscattered grain 
noise, we conclude that we should expect better agreement when the effects of texture are 
added to the attenuation theory. These results validated the assumption that the two point 
correlation of elastic constant perturbations controls both the generation of backscattered 
grain noise and the attenuation associated with scattering in all directions including the 
multiple forward scattering which likely produces phase aberrations. 
Future theoretical work in the area of predicting attenuation should include the effects 
of an arbitrary texture in the material. Further validation of the backscattering and 
attenuation theories are needed to determine their robustness. It is important to determine the 
relative strength for the backscattering contribution and the phase aberration contribution to 
attenuation by calculating attenuation using only the backscattering terms in the formalism. 
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To use the OIM data to its fullest extent, the size of the scan region needs to be 
optimized. It will be important to have the ability to determine the orientation distribution 
coefficients for OIM measurements to be used as input into the theories once they contain the 
effects from texture. From the practical point of view, it is desirable to have theories for 
backscattering and attenuation that can be applied to any polycrystalline material. Studies 
must performed to see to what extent this is feasible. Furthermore, there is a need in the 
industry to have the ability to determine grain size nondestructively from backscattering 
and/or attenuation measurements. These theories which are directly related to characteristics 
of the micro/macrostructure lengths scales serve as good candidates for this procedure. 
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